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ABSTRACT 
 Solution and solid-state studies of platinotungstate and platinomolybdate 
heteropolyanions were carried out. Salts of the Keggin-type α-SiPtW11O406- anion (1) 
were prepared through the reaction of K8SiW11O39.13H2O with K2Pt(OH)6 and 
acidification of the reaction solution to pH 4 with HNO3. Infrared spectra indicated 
cocrystallization of tetra-n-butylammonium salts of the SiW12O404- anion with the 
platinum substituted derivative, and this difficulty was overcome through an initial 
precipitation with tetramethylammonium chloride and extraction of the precipitate with 
water in order to remove insoluble [(CH3)4N]4SiW12O40. A single-crystal X-Ray 
diffraction study of the tetra-n-butylammonium salt allowed for identification of a 
Keggin tetraanion in the solid state. Incorporation of a single Pt(IV) atom in 1was 
demonstrated unambiguously by observation of 195Pt-183W spin-spin coupling in 195Pt and 
183W NMR spectra of the cesium salt, as well as observation in the 183W NMR spectrum 
of six peaks having relative intensities consistent with structure 1. These observations 
plus elemental analysis identified the tetra-n-butylammonium salt as [n-
C4H9)4N]4SiPtW11O40H2. 
 The tetrameric platinomolybdate [(PtMo6O24)4H21(H5O2)2][(n-C4H9)4N]9 (H2TET 
TBA9) was prepared from the reaction of K2Pt(OH)6 with K2MoO4 and acidification of 
the reaction solution to pH 2.32 with HNO3. A single-crystal X-Ray diffraction study 
showed that the nearest-neighbor protonated (PtMo6O24)8- units were linked by seven 
hydrogen bonds. The 195Pt NMR spectrum of the tetramer showed two resonances of 
equal intensity, consistent with the resonances anticipated from the solid-state structure. 
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The 1H NMR spectrum provided further evidence that the anion retained its hydrogen-
bonded structure in solution. Variable temperature NMR and a 2D EXSY experiment 
allowed for partial assignment of the proton resonances in the 1H NMR spectrum. A 
cooperative hydrogen bonding effect was proposed to rationalize the stability of the 
hydrogen-bonded aggregate in solution. The DL configuration adopted by the tetramer 
was rationalized through a “proton exclusion” model. 
 Reaction of the platinomolybdate tetramer with a large excess of triethylamine led 
to the formation of the analytically pure bulk platinomolybdate 
[(PtMo6O24)3H15][(C4H9)4N]6[(C2H5)3NH]3, (HTRI TBA6TEAH3). Crystallization of this 
material from acetonitrile/toluene gave a solvated salt of the [(PtMo6O24)3H16]8- (H2TRI) 
anion, while crystallization from acetonitrile/diethyl ether gave a salt of the 
[(PtMo6O24)3H14]10- (TRI) anion. It was therefore proposed that the bulk 
platinomolybdate trimer was in fact a mixture of H2TRI and TRI salts. The protonated 
(PtMo6O24)8- units of the trimeric anions were linked through the same seven hydrogen 
bond motif as in the tetramer. 1H NMR spectra of an H2TRI/HTRI mixture indicate that 
the trimers adopt the same D and L configurations observed in H2TET. The 
transformation of the tetramer to the trimer was monitored by 1H and 195Pt NMR 
titrations of H2TET with triethylamine in a hydrated 1:4 (v/v) CD3CN/CDCl3 solution, 
demonstrating that H2TET first dissociates to TET in solution, converts to H2TRI with 
the addition of triethylamine, and then to HTRI with the addition of further 
triethylamine. Addition of water to a solution of H2TET and five equivalents of water 
gave a 1H NMR spectrum consistent with that of a hydrogen-bonded platinomolybdate 
dimer. 
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Chapter 1 
 
Introduction 
 
1.1 Background 
 Catalysts are employed in the vast majority of all industrial chemical processes, 
and the vast majority of these catalytic processes are heterogeneous insofar as they utilize 
solid catalysts.1 Among these heterogeneous catalysts, platinum-containing materials 
occupy a central position, catalyzing a variety of commercially-significant processes.2 
Massive (bulk) platinum and platinum alloy catalysts are used in short contact time 
reactors for large scale processes such as nitric acid manufacture (Ostwald process) and 
the production of HCN by ammonoxidation of methane (Andrussow and Degusa BMA 
processes).3-4 Supported platinum-containing catalysts have found far more widespread 
application, not only due to their higher surface-to-volume fraction relative to bulk metal 
catalysts, but also due to their greater thermal stability, selectivity, and resistance to 
poisoning relative to their supported analogues.5-6 They are used, for example, in the 
petroleum industry on a very large scale as hydrocracking and naphtha reforming 
catalysts for the production of high octane gasoline,7,8 in the petrochemical industry as 
alkane dehydrogenation catalysts,9 and in the pharmaceutical and fine chemical industries 
as hydrogenation catalysts.10 Supported platinum and platinum-containing alloy catalysts 
are also used in several types of fuel cells as oxidation/reduction catalysts11-12 and in 
automobile emission control systems as catalysts for the O2 oxidation of CO and 
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hydrocarbons.13-14 Unsupported platinum particles and colloids are not utilized on as 
large a scale as massive and supported catalysts,5 but they nonetheless find application in 
some low temperature liquid-phase processes such as hydrosilylation.15-16 
 Finely divided platinum catalysts have been the object of intense study for almost 
two hundred years,17 but the constitution of these catalysts nonetheless remains open to 
debate. Edmund Davy first prepared platinum black in 1820 by treating platinum sulfate 
with alcohol, but he reserved judgment as to its precise composition, even raising the 
question whether it was a true chemical compound.18 Döbereiner, who first reported the 
catalytic activity of platinum black for ethanol oxidation in 1822, treated platinum black 
as a platinum suboxide,19 but Liebig identified it simply as platinum metal in a finely 
divided state,20 a claim disputed by Döbereiner, who insisted that oxygen adsorbed on 
platinum was an essential component of platinum black.21 Later researchers found that 
oxygen was essential for hydrogenation catalysis.22-23 Redox catalysis on Pt(111) has 
been described in terms of reactant adsorption, reactant to product transformation, and 
product desorption on a platinum metal surface,24-25 but on Pt(110) and Pt(332), surface 
oxide phases have been invoked,26 phases such as the PtO2 on Pt(110) phase illustrated in 
Figure 1.1.27 
 Procedures for the preparation of platinum-containing catalysts are dictated 
largely by the availability of suitable precursors. The most widely utilized precursor is 
chloroplatinic acid, H2PtCl6, which is transformed into an active catalyst through 
reductive activation achieved by heat treatment and/or chemical reduction.28 Döbereiner’s 
platinum sponge catalyst for the O2 oxidation of hydrogen was prepared by thermolysis 
of ammonium hexachloroplatinate formed by reaction of chloroplatinic acid with 
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ammonia.29 Platinum blacks22,30-31 and colloidal platinum,32-33 prepared by reaction of 
aqueous chloroplatinic acid with formaldehyde and hydrazine, respectively, were used as 
hydrogenation catalysts in the early 20th century, but the catalytic activity of materials 
prepared in this fashion proved difficult to reproduce.34 This problem was resolved by 
Adams and coworkers who prepared platinum black by hydrogen reduction of platinum 
dioxide formed by fusing chloroplatinic acid with sodium nitrate.23,35,36 Platinum black 
can also be prepared by electrochemical reduction of aqueous chloroplatinic acid at a 
platinum electrode to form “platinized platinum.”37 
Döbereiner prepared the first oxide-supported platinum catalysts by impregnating 
potter’s clay with chloroplatinic acid and then igniting the clay.38 Today, oxide supported 
catalysts are formed much in the same way on a refractory oxide, usually alumina, but 
under very carefully controlled conditions. Reforming catalysts are prepared by bringing 
an aqueous solution of hydrochloric acid and chloroplatinic acid in contact with alumina, 
drying the impregnated alumina, calcining in air at 500-600 ºC, and finally reducing with 
hydrogen at 500-550 ºC;39 automobile emissions control catalysts are prepared in a 
similar fashion.40 The evolution of chloroplatinic acid into the supported catalyst is a 
complex process. First, PtCl62- is partially hydrolyzed and the resulting complexes are 
adsorbed on the oxide surface by a combination of ion exchange and hydrogen bonding.41 
During the drying and calcination steps, the platinum complexes are grafted onto the 
alumina surface, that is, Pt-OH, Pt-OH2 and PtCl bonds are transformed into Pt-OAl 
and/or Pt-O(H)Al bonds.42 The final reduction step yields small (~1 nm) metal particles 
grafted to the alumina support.43 
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In recent years, researchers at the Daihatsu Motor Company have successfully 
followed a new approach to the preparation of platinum containing heterogeneous 
catalysts where the catalyst precursor is not supported on a metal oxide but is instead an 
integral part of a mixed-metal oxide.44-45 This effort has not only yielded improved 
catalyst performance but also significantly reduced the amount of platinum required to 
achieve satisfactory lifetime and activity. The Daihatsu researchers prepared and 
commercialized so-called self-regulatory perovskite catalysts for automobile emission 
control that reduce platinum requirements by avoiding excessive platinum grain growth. 
For example, a comparative study of CaIITiIV0.98PtIV0.02O3 and Pt/γ-Al2O3 showed that 
platinum grain sizes of 1-3 nm and >100 nm, respectively, were observed when these 
catalysts were exposed to engine exhaust at 900 °C for 100 hours.44 The mechanism of 
action appears to be the ability of perovskites to reversibly release platinum: under 
reductive conditions, platinum is released from the perovskite phase and metal clusters 
are formed, and this process is reversed under oxidative conditions.  
Iwasawa and coworkers have investigated the heterogeneous catalytic chemistry 
of another class of platinum containing oxide materials, heteropolyanions.46-50 They have 
supported (NH4)4H4PtMo6O24 on silica, alumina, and magnesia, and investigated the 
catalytic activity of the resulting materials for ethene hydrogenation, ethane 
hydrogenolysis, alkane dehydrogenation, the NO+CO→N2+CO2 reaction, and alkane 
combustion. According to XAFS studies, the platinomolybdate structural framework was 
maintained upon deposition onto silica but not upon deposition onto alumina and 
magnesia. Furthermore, reductive activation of the silica supported platinomolybdate 
resulted in structural degradation. 
5 
 
The initial objective of the present thesis was to further develop the chemistry 
studied by Iwasawa and coworkers by preparing new platinum-containing 
heteropolyanions that might be sufficiently robust to serve as heterogeneous catalysts. 
The platinomolybdate studied by Iwasawa and coworkers has the so-called Anderson 
metal-oxygen structural framework shown in Figure 1.2a, where a central PtIVO68- unit is 
weakly bonded to an MoVI6O18 ring. Since all of the Mo-O bonds connecting the central 
platinate unit to the peripheral molybdenum atoms are trans to Mo=O multiple bonds, the 
lability observed by Yawasawa and coworkers is hardly surprising. Attention was 
therefore focused on two different types of heretofore unknown platinum 
heteropolyanions, the hexametalate and Keggin derivatives shown in Figures 1.2b and c, 
respectively. In contrast to the Anderson structure, the hexametalate and Keggin 
structures afford an environment where the PtIVO68- unit is connected to the remainder of 
the metal-oxygen framework by metal-oxygen bonds trans to metal-oxygen single bonds, 
and as a result, the hexametalate and Keggin derivatives were expected to be relative 
robust. Furthermore, reductive activation of these new species might yield PtII derivatives 
bonded to M5O186- and SiM11O398- ligands where the platinum center resides in an 
environment superficially similar to that occupied by the platinic centers in Figure 1.1. 
Successful synthesis of the Keggin anion SiW11PtO406- is reported in Chapter 2. 
Efforts to prepare hexametalate derivatives from Anderson platinomoybdates involved 
first solubilizing these anions in aprotic solvents, and this research revealed that the 
anions formed hydrogen-bonded aggregates upon conversion into tetra-n-
butylammonium salts. Attention was therefore shifted to understanding the chemistry of 
these remarkable species, and this chemistry is described in Chapters 3 and 4.  
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1.3 Figures 
 
 
 
 
 
 
 
 
Figure 1.1. PtO2 phase on Pt(110) surface. Pt atoms are represented by large blue and 
small yellow spheres; oxygen atoms are represented by small pink spheres.  
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Figure 1.2. Structural frameworks for platinum-substituted heteropolyanions. (a) 
Anderson structure, (b) hexametalate structure, (c) Keggin structure.  
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Chapter 2 
 
Characterization of the Platinum-Substituted Keggin Anion α-SiPtW11O40H24- 
 
2.1. Introduction 
Noble metal mixed oxide heterogeneous catalysts have recently received renewed 
attention in the form of platinum-substituted perovskites and platinum-promoted 
heteropolyacids.1 Platinum-substituted perovskites such as CaTiIV0.98PtIV0.02O3 offer 
practical advantages over classical auto emission three-way catalysts due to their self-
regulating function, and since they are structurally well-defined, their mechanism of 
action can be probed on the atomic-molecular size scale.2-4 Platinum-promoted 
heteropolyacid catalysts such as Pt-impregnated Keggin salts Pt-Cs2.5H0.5PW12O40 are 
proven shape-selective, bifunctional catalysts, and although they are relatively ill-defined 
from a structural point of view, their molecular character allows for systematic control of 
tertiary structure.5-7 Platinum-containing materials combining the structural homogeneity 
of perovksites and the molecular nature of Keggin heteropolyacids are therefore attractive 
synthetic targets, and the present study is concerned with one such class of materials, 
salts of the platinum-substituted Keggin anion α-SiPtIVW11O406- (1) shown in Figure 2.1.  
Platinum-containing polytungstates and -molybdates were first described by 
Gibbs and Rosenheim in the late nineteenth century,8-12 but none of these reports have 
been independently repeated,13 most likely due to formation of cocrystallizing mixtures 
and double salts.20 More recently, well-defined platinum-containing polyborate,21 
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polyphosphate,22 polyvanadate,23 polymolybdate,24-34 polytungstate,35-42 zincotungstate,43 
and phosphovanadotungstate44 complexes have been reported, and the catalytic chemistry 
of the (NH4)9H7(PtIVMo6O24)2.3H2O,45-46 (NH4)4H4(PtIVMo6O24).2H2O,47-50 
{[WZnPtII2(H2O)2](ZnW9O34)2}12-,51-52 and {[Pt(cod)](P2W15V3O62)}7- (cod=1,5-
cyclooctadiene)44 has been investigated. Other systems have proved to be less tractable, 
namely, platinum-substituted silicotungstates53-54 and phosphotungstates.55-59 Here again, 
platinum-containing polyoxometalate salts may have shown a tendency to cocrystallize 
with their unsubstituted analogues.60-61 
The objective of the present study was to isolate and to establish the structure and 
stability of the α-SiPtIVW11O406- anion, anion 1, in the solid state using single crystal X-
ray crystallography and in solution using 183W and 195Pt NMR spectroscopy. 
 
2.2 Experimental 
Reagents, Solvents, General Procedures.  Unless specified otherwise, all 
chemicals were purchased from commercial sources and used without further 
purification. Literature procedures were used to prepare K8SiW11O39.13H2O62.Tetra-n-
butylammonium bromide (Sigma-Aldrich) was recrystallized by preparing a saturated 
aqueous solution at ambient temperature and cooling the solution to 0 °C. Water was 
deionized using a Barnstead Nanopure II water purification system. 
Analytical Procedures. Platinum-195 FTNMR spectra were recorded at 129.3 
MHz on a Varian UNITY INOVA 600 spectrometer equipped with a 10 mm 15N-31P 
broadband probe; chemical shifts were referenced to a 1.2 M solution of Na2PtCl6 in 99.9 
atom % 2H enriched water by the sample replacement method. Tungsten-183 FTNMR 
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spectra were recorded at 31.2 MHz on a Varian UNITY INOVA 750 spectrometer 
equipped with a 10 mm 15N-31P broadband probe; chemical shifts were referenced to a 2 
M solution of Na2WO4 in 99.9 atom % 2H enriched water by the sample replacement 
method. Infrared spectra were recorded on a Perkin-Elmer 1600 Series FTIR 
spectrometer. Elemental analyses were performed at the University of Illinois 
Microanalytical Laboratory. Single crystal X-ray diffraction studies were performed at 
Newcastle University by Dr. Ulrich Baisch and Fernando Uribe-Romo.  
Preparation of H2PtCl6. 63 WARNING!! Aqua regia is extremely corrosive and 
should be used in the back of a fume hood.  
An aqua regia solution was prepared by pouring 225 mL of concentrated HCl into 
a 1 L round bottomed flask, followed by the addition of 75 mL concentrated HNO3. The 
flask was placed in a silicone oil bath, the flask was fitted with a water-cooled condenser, 
and the oil bath was heated to 75° C. As the solution began to turn brown and bubble, 
10g PtCl2 was added by spatula in portions with stirring over a period of 5 minutes. A 
clear solution was obtained by refluxing this mixture in a 115° C oil bath for 2 days. The 
orange-brown solution was filtered through Whatman 42 filter paper, poured into a 400 
mL beaker, and evaporated down to a volume of about 10 mL on a hot plate, making sure 
not to evaporate so much water that precipitates were formed (solid H2PtCl6 is 
susceptible to decomposition at elevated temperatures). Then 30 mL of concentrated HCl 
were added, causing gas evolution, and the volume was once again reduced to about 
10mL by evaporation on the hot plate. This acidification/evaporation procedure was 
repeated until gas evolution was no longer observed upon acidification; two or three 
repetitions usually sufficed. The orange solution was then removed from the hot plate. An 
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orange crystalline mass of H2PtCl6 formed upon cooling the solution to ambient 
temperature.  
Preparation of K2Pt(OH)6. 64-65 A Teflon beaker was filled with 350 mL of 6M 
aqueous KOH, and the H2PtCl6 sample prepared above dissolved in 200 mL water was 
added, forming a yellow solution and a yellow precipitate. The mixture was heated on an 
oil bath with stirring at 95° C for 18 hours, and its volume was maintained by adding 
water periodically. The yellow-orange solution gradually became yellow-green as all the 
precipitate dissolved. The resulting solution was then cooled to room temperature. A 
100mL portion of the solution was poured into a polyethylene beaker and 150mL of 
ethanol was added over the course of about 2 minutes with stirring. The yellow 
precipitate which formed was collected by vacuum filtration through a medium glass frit 
and washed with 30 mL water followed by 30 mL ethanol. The procedure was repeated 
(scaled for the 50 mL portion) until all of the platinum solution had been used. 14.7 g of a 
light yellow powder was obtained. Crystalline K2Pt(OH)6 was obtained by dissolving 1 g 
of the crude product in 18 mL 4M aqueous KOH in a Nalgene beaker at room 
temperature and slowly evaporating the solution in a desiccator over KOH until yellow 
cubic crystals were obtained. In order to minimize cocrystallization of KOH, crystals 
were collected after about 6 mL of water had evaporated (after about 1 day). Crystals 
were collected by filtration, washed with 5 mL of ice-cold water, and dried under 
vacuum, yielding 800-900 mg of purified material. A total of 12.1 g of K2Pt(OH)6 (82% 
yield) was collected in this fashion. 
Preparation of TBA-1. A 100 mL round-bottom flask equipped with a magnetic 
stir bar was charged with 60 mL of water and heated to 70 °C in an oil bath. After adding 
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4.50 g (1.40 mmol) of K8SiW11O39.13H2O with stirring to form a clear solution, 0.525 g 
(1.40 mmol) of K2Pt(OH)6 was added with stirring to obtain a yellow, pH 7 solution 
containing a light yellow precipitate. The reaction flask was then fitted with a reflux 
condenser, the reaction mixture was refluxed for 90 minutes, and the resulting clear, deep 
yellow solution was allowed to cool to ambient temperature. Aqueous 1 M HNO3 (ca. 3.1 
mL) was then added dropwise to this pH 7 solution until the solution reached pH 4. The 
light yellow precipitate that formed during the acidification was removed by vacuum 
filtration and 4.50 g (41.1 mmol) (CH3)4NCl was added to the yellow filtrate, causing 
immediate formation of a precipitate. This precipitate was isolated by vacuum filtration 
through a glass frit, washed with 30 mL of anhydrous diethyl ether, and dried in air for 12 
hours. The 1.56 g of orange powder thus obtained was then added to 20 mL of water and 
stirred for 3 h, causing some of the solid to dissolve in the water and form a yellow 
solution. The solid material, noticeably lighter in color than the original solid, was 
collected by vacuum filtration through a glass frit, and the extraction procedure was 
repeated until no further material went into solution and the insoluble material was nearly 
white. Three extractions were usually required. The yellow filtrates were used to prepare 
both tetra-n-butylammonium and cesium salts of the α-SiPtW11O406- anion. 
The tetra-n-butylammonium salt was prepared by adding 1.5 g (4.7 mmol) of (n-
C4H9)4NBr to each filtrate, collecting the resulting precipitates by vacuum filtration 
through a glass frit, washing successively with 10 mL of water and 10 mL of anhydrous 
diethyl ether, and air drying for 12 h. A total of 0.486 g of light orange powder was 
obtained in this fashion. This crude product could be crystallized in ~50% yield by 
dissolving it in 10 mL of acetonitrile and allowing diethyl ether to diffuse into the 
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solution at 0 °C. Orange single-crystalline product formed after 24 was isolated by 
vacuum filtration through a glass frit, washing with 10 mL ether, and drying in air for 12 
h. The analyzed sample was recrystallized twice from acetonitrile/diethyl ether. Anal. 
Calcd for C64H146N4PtSiW11O40: C, 19.93; H, 3.82; N, 1.45, Found C, 21.83; H, 4.18; N, 
1.52. IR (KBr, 700-1050 cm-1, see Figure 2.2d): 791 (vs, br), 876 (m), 892 (m, sh), 911 
(s), 924 (s), 957 (m), 1010 (m). 195Pt NMR (129.3 MHz, CD3CN, 20 °C): δ 3679. 
Preparation of Cs-1. This salt was prepared from the same reaction solution 
described above for the tetra-n-butylammonium salt TBA-1 by adding 1.5 g (8.9 mmol) 
CsCl to each filtrate, collecting the resulting precipitates by vacuum filtration through a 
glass frit, washing with 10 mL of anhydrous diethyl ether, and air drying for 12 h. A total 
of 0.271 g of light orange crude product was obtained. This material was purified in 
about 40% yield by dissolving 0.090 g in 2 mL of water heated to 90 °C and allowing the 
solution to cool slowly to ambient temperature. The red microcrystalline precipitate that 
had formed after 12 h was isolated by vacuum filtration through a glass frit, washed with 
10 mL anhydrous diethyl ether, and air dried for 12 h. Anal. Found Pt, 4.81; Si, 0.79; W, 
52.06; molar ratios Pt:Si:W = 0.96:1.09:11. 0 . IR (KBr, 700-1050 cm-1): 766 (vs, br), 
792 (s, sh), 868 (m), 887 (m, sh), 916 (s, sh), 931 (s), 975 (s), 998 (w), 1017 (m). 195Pt 
NMR (129.3 MHz, 0.05 M in 0.67 M LiClO4/D2O, 20 °C): δ 3620 (2JPt-W = 116±2 Hz). 
183W NMR (31.2 MHz, 0.05 M in 0.67 M LiClO4/D2O, 20 °C):δ 116.4, -90.7, -114.7, -
122.5, -137.3, -149.2 (2JW-Pt = 117±3 Hz). 
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2.3 Results 
Preparation and Characterization of TBA-1. An aqueous solution of 
K8SiW11O39.13H2O and K2Pt(OH)6 was acidified to pH 4 with nitric acid as described in 
the experimental section, and after filtering off a yellow precipitate of platinic acid, 
excess (n-C4H9)4NBr was added to obtain an orange precipitate. The IR spectrum of this 
precipitate was very similar to the spectrum of [(n-C4H9)4N]4SiW12O40,66 differing 
principally by the presence of a band at 956 cm-1 labeled “y” in Figure 2.2a. In the IR 
spectrum measured after crystallization of the precipitate from acetone/ethyl ether, the 
956 cm-1 absorption had grown in intensity relative to the [(n-C4H9)4N]4SiW12O40 peak at 
967 cm-1 labeled x in Figures 2.2a and b. Moreover, a new band appeared at 911 cm-1, the 
band labeled “z” in Figure 2.2b. Since the crystallization yielded a visually homogeneous 
mass of crystals, this result suggested cocrystallization of the [(n-C4H9)4N]4SiW12O40 
with one or more other compounds. An attempt was therefore made to obtain a purer 
sample by adding excess (CH3)4NCl to the original reaction solution and extracting the 
resulting precipitate with water, taking advantage of the relatively low solubility of 
[(CH3)4N]4SiW12O40 in water. The aqueous solutions containing extracted material were 
then treated with (n-C4H9)4NBr and the resulting precipitates were examined IR 
spectroscopically. As shown in Figure 2.2c, the [(n-C4H9)4N]4SiW12O40 band at 966 cm-1 
labeled “x” was much less intense than the 956 cm-1 band labeled “y”, and the 911 cm-1 
band labeled “z” had a relative intensity greater than that observed in Figure 2.2b. A final 
product was obtained in extremely low overall yield by crystallization from 
acetonitrile/diethyl ether, and the [(n-C4H9)4N]4SiW12O40 absorption labeled “x” was no 
longer resolved in its IR spectrum (see Figure 2.2d). This material was formulated as [(n-
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C4H9)4N]4SiPtW11O40H2 on the basis of elemental analysis. A single crystal X-ray 
diffraction study revealed a crystal structure containing two (disordered) Keggin anions 
and eight (disordered) tetra-n-butylammonium cations arranged in a cubic unit cell as 
shown in Figure 2.3, the same arrangement observed for [(n-C4H9)4N]4PV2W10O40H.67 
Low solubility precluded measurement of its solution 183W NMR spectrum, but a single, 
broad (110±10 Hz fwhm) 195Pt resonance was observed in acetonitrile solution 3679 ppm 
downfield from 1.2 M aqueous Na2PtCl6.  
Preparation and Characterization of Cs-1. A cesium salt of anion 1 was 
prepared by following a procedure similar to the one used to prepare TBA-1. The 
potassium salts obtained from the initial reaction mixture were first converted into 
tetramethylammonium salts, and cesium-containing salts were then precipitated from 
aqueous solutions of the tetramethylammonium salts and crystallized. The materials 
obtained in this fashion, designated Cs-1, consistently yielded platinum, silicon, and 
tungsten analyses with Pt:Si:W mole ratios of 1:1:11, but they failed to give reproducible 
alkali metal analyses, indicating that the SiPtW11O406- anion was probably present as a 
mixture of potassium/cesium salts. 
Observation of 195Pt-183W spin-spin coupling in NMR spectra of Cs-1 provided 
strong support for incorporation of one and only one platinum atom in the Keggin anion 
1. As shown in Figure 2.4, two different types of nearest neighbor relationships are 
possible for metal centers in anion 1. In one case, metal coordination octahedra share an 
edge (solid lines in Figure 2.4), and in the other, metal coordination octahedra share a 
vertex (broken lines in Figure 2.4). The platinum center in anion 1 lies on a mirror plane, 
and only two coupling constants are possible, one 2JPt-W(vertex) and one 2JPt-W(edge). 
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However, only one pair of 183W satellites was observed in the 195Pt NMR spectrum of 
aqueous Cs-1, with 2JPt-W = 117±4 Hz (see Figure 2.5). Since 2JX-W(vertex) is known to be 
larger than 2JX-W(edge) for a given metal center X in a Keggin anion,68-72 the observed 
satellites are assigned to 2JPt-W(vertex) and the Pt-W(edge) 183W satellites are presumed to 
be unresolved from the central peak. This is a reasonable presumption given the 
precedence in species like the BVW11O406- Keggin anion, where 2JW-V(vertex) = 25.9 Hz 
and 2JW-V(edge) = 7.4 Hz.70 A similar situation prevails in the 183W NMR spectrum of Cs-1 
(see Figure 2.6). Six peaks were observed with relative intensities of 2:2:1:2:2:2, 
consistent with the six types of symmetry-equivalent tungsten centers in anion 1 (see 
Figure 2.3); one resonance, the resonance labeled F in Figure 2.5, displayed 195Pt 
satellites with 2JW-Pt(vertex) = 116±3 Hz. The W-Pt(edge) satellites, with their presumably 
smaller coupling constant, could not be resolved or distinguished from the remaining 
183W resonances or their 183W satellites (2JW-W = 30 Hz). 
 
2.4 Discussion 
 Platinum(IV)-substituted polyoxometalates containing terminal oxo, hydroxy, 
and/or aquo ligands have attracted attention because of their potential chemical 
reactivity.73 However, these species have proven to be extremely difficult to isolate in 
pure form and formulate structurally, due in part to an inability to obtain characteristic 
183W and 195Pt NMR spectra.74 The principal result of the present study was observation 
of a fully-resolved 183W NMR spectrum of a Pt(IV) monosubstituted SiW12O404- Keggin 
anion, complete with 183W-195Pt spin-spin coupling, indicating unambiguously that a 
platinum center had been incorporated into the polytungstate framework. Combined with 
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the X-ray crystallographic characterization of a tetra-n-butylammonium Keggin anion 
salt, this result allows for identification of an α-SiPtW11O40H24- anion in the solid state. 
This species may or may not retain its identity in aqueous solution, since its NMR 
spectrum is equally consistent with deprotonated analogues and with condensation and 
hydrolysis products such as SiW11O39PtOPtSiWllO3910- and [(SiW11O39H2-
κ2O,O’)Pt(OH)4]6-, respectively. There is precedent for the former in a Ti(IV) derivative, 
PW11O39TiOTiPWllO398-,75 and a Ru(III/IV) derivative, SiW11O39RuORuSiWllO3911-.76 
There is precedent for the latter coordination mode in [{(C6H6)Ru(H2O)}(α2-P2W17O61-
κ2O,O’)]8-:77 since only one 183W-195Pt spin-spin coupling constant is resolved, it is 
possible that the lacunary Keggin ligand is acting only as a bidentate ligand in solution. 
 Cocrystallization Phenomena. Cocrystallization of platinum-substituted 
polyoxometalates and their unsubstituted analogues is a potential problem that has been 
raised repeatedly for over a century. The possibility was first considered by Clarke20 in 
1909 in a critical discussion of Gibbs’s research and was raised more recently by Cao et 
al.60 for the α-SiPt2W10O408- anion reported by Lee et al.39 and by Kortz et al.61 for the 
P2PtW18O70H216- anion reported by Anderson, et al.57 In the present study, infrared 
spectroscopy has been used to demonstrate unambiguously that tetra-n-butylammonium 
salts of the SiW12O404- anion and its platinum monosubstituted derivative SiPtW11O40H24- 
do in fact cocrystallize, and this technique proved to be useful in developing a protocol 
for separating the two species involved. The present study provides a rationalization for a 
tendency to cocrystallize when W=O4+ units are replaced with Pt-OH24+ unit. Since the 
unsubstituted species and the substituted species bear the same anionic charge and have 
virtually the same size and shape, it is hardly surprising [(n-C4H9)4N]4SiW12O40 and [(n-
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C4H9)4N]4SiW11PtO40H2 should cocrystallize. 
 Protonation State. To date, five different platinum(IV)-substituted polyoxoanions 
containing terminal oxo, hydroxy, or aquo ligands have been claimed in the literature: (1) 
the [Pt{B7O11(OH)5}(OH)]3- anion,21 (2) the α-SiPt2W10O408- anion,53 (3) the α-
SiPtW11O40H5- anion,54 (4) the α2-P2W17PtO62H26- anion,56 and (5) the P2PtW18O70H216- 
anion.57-59 Only in the first case is there direct evidence for the protonation state of the 
Pt(IV) terminal oxygen atom: the proton in a PtOH group was located X-ray 
crystallographically. In the second, third, and fourth cases the protonation state was 
deduced using charge balance arguments. In the final case, protons were not located X-
ray crystallographically, but trans PtOH2 and PtO groups were assigned on the basis of 
charge balance arguments and Pt-O bond lengths derived from an X-ray crystallographic 
study. A neutron diffraction study of the same system showed evidence of 
crystallographic disorder at the PtOH2 oxygen atom site plus a PtO bond length 
insignificantly different from the corresponding WO bond length in the isostructural 
unsubstituted phosphotungstate analogue,78 supporting the contention that the 
P2W19O69(OH2)14- anion and a platinum-substituted derivative had cocrystallized61 (see 
above). Note further that the trans-H2OPtIVO unit proposed for P2PtW18O70H216- is 
unprecedented, whereas the isomeric trans-HOPtOH unit is well known in species like 
the Pt(OH)62- anion.79-83 Furthermore, the trans-H2OWVIO unit is well-known,78 whereas 
the trans-HOWVIOH unit is unknown. This is the expected behavior: the empty d-orbitals 
in d0 W(VI) centers allow for d-p metal-oxygen pi bonding which in turn promotes the 
off-center displacement that disfavors the trans-HOWVIOH configuration;84 the d6 Pt(IV) 
configuration rules out significant net d-p metal-oxygen pi bonding and disfavors the 
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trans-H2OPtIVO configuration. Precedents therefore also support the contention that the 
two species cocrystallize61 (see above). In the present study, the α-SiPtIVW11O406- anion 
is observed to be diprotonated in the solid state as a tetra-n-butylammonium salt obtained 
from acidic aqueous solution, where both protons are presumably bonded to the terminal 
Pt-O oxygen atom to form a PtOH2 aquoplatinum group. This is a reasonable result given 
that [(n-C4H9)4N]4SiW11PtO40H2 was precipitated from an acidic aqueous solution and 
platinic acid, Pt(OH)4(OH2)2 has a pKa of about 9.84 
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2.6 Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1. Structure of the α-SiPtW11O406- anion. 
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Figure 2.2. Infrared spectra monitoring the progress of the preparation of TBA-1. 
Spectra of (a) tetra-n-butylammonium (TBA) salt precipitated from the reaction mixture, 
(b) TBA salt precipitated from the reaction mixture after crystallization from acetone, (c) 
TBA salt precipitated from a solution of tetramethylammonium (TMA) salt, and (d) TBA 
salt precipitated from a solution of TMA salt after crystallization from acetone. 
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Figure 2.3. Structure of crystalline TBA-1 where silicon atoms are represented as small 
green spheres, disordered Pt/W atoms as small violet spheres, oxygen atoms as small red 
spheres and disordered tetra-n-butylammonium ions as large blue spheres. 
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Figure 2.4. Graph showing the nearest-neighbor relationships between metal centers in 
the Cs-symmetric α-SiPtW11O406- anion. Metal centers whose octahedral coordination 
polyhedra are linked by edge sharing are connected by solid lines; metal centers whose 
octahedral coordination polyhedra are linked by corner sharing are connected by broken 
lines. Symmetry-equivalent metal centers are labeled with the same subscript.  
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Figure 2.5. 129.3 MHz 195Pt solution NMR spectrum of Cs-1. 
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Figure 2.6. 31.2 MHz 183W solution NMR spectrum of Cs-1. 
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Chapter 3 
 
The Platinomolybdate Tetramer [(PtMo6O24)4H23]9-, a Remarkably Robust, 
Hydrogen-Bonded Polyanion Aggregate 
 
3.1 Introduction 
 Hydrogen bonding plays a central role in living systems by providing a means for 
reversibly assembling nucleic acid aggregates and stabilizing secondary protein 
structure.1 This phenomenon has spawned a vast mimetic chemistry, and as a result, the 
solution chemistry of hydrogen-bonded aggregation is well understood in organic 
systems on the atomic-molecular size scale.2-5 Hydrogen bonding also plays a key role in 
inorganic systems, perhaps most notably in solid state materials like potassium 
dihydrogen phosphate (KDP) and related oxide materials which display ferroelectric and 
nonlinear optical properties.6 Unlike their organic counterparts, however, these systems 
are not well understood on the atomic-molecular size scale since the lability and/or 
instability of molecular hydrogen-bonded inorganic aggregates studied to date have in 
general7 precluded structural characterization in solution except at extremely low 
temperature.8 
 This chapter is devoted to a platinomolybdate salt containing the hydrogen-
bonded [(PtMo6O24)4H23]9- tetramer shown in Figure 3.1 which displays remarkably high 
stability and low lability in solution at ambient temperature. The synthesis and solution 
structure of this tetramer are described in the Results section, which includes a detailed 
35 
 
multinuclear NMR study demonstrating its stability in solution. The factors responsible 
for its unusual stability and stereochemistry are then identified in the Discussion section, 
where prospects for the future development of this type of chemistry are addressed. 
 
3.2 Experimental 
Reagents, Solvents, and General Procedures. Water was deionized using a 
Barnstead Nanopure II water purification system. Platinum(II) chloride (Colonial 
Metals), potassium molybdate, 85% potassium hydroxide pellets (Aldrich) , pH 4.00 and 
pH 2.00 buffer solutions, calcium hydride, nitric acid, toluene, and diethyl ether (Fisher) 
were used as received without further purification. Acetonitrile was stirred over CaH2 
prior to use. Tetrabutylammonium bromide (Aldrich) was recrystallized from a saturated 
aqueous solution cooled to 0º. d3-Acetonitrile, d-Chloroform (Aldrich) and triethylamine 
(Fisher) were refluxed over CaH2 and distilled from CaH2 immediately prior to use.  
Analytical Procedures. Saturation transfer and 2D-EXSY NMR spectra were 
measure at 750MHz on a Varian Unity Inova 750 spectrometer equipped with a Varian 
5mm 1H{13C/15N} PFG X, Y, Z probe. EXSY spectra were obtained with 2048 x 512 
data point using the standard phase-sensitive NOESY pulse sequence9 and a mixing time 
of 200 ms. Other 1H NMR spectra were recorded on a Varian Unity 500 spectrometer 
equipped with a Nalorac QUAD probe. Chemical shifts for all 1H NMR spectra were 
referenced to CDCl3 at 7.258 ppm. 195Pt NMR spectra were recorded at 129.3 MHz on a 
Varian UNITY INOVA 600 spectrometer equipped with a 10mm 15N-31P BB probe, and 
chemical shifts were referenced to a 1.2M solution of Na2PtCl6 in D2O by the sample 
replacement method.  
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An Accumet Model 15 pH meter equipped with a Cole-Parmer combination pH 
electrode with a silver/silver chloride reference was used to measure pH values. The pH 
meter was calibrated with buffer solutions of pH 2.00 and 4.00 prior to use.  
Infrared spectra were recorded on a Perkin-Elmer Series 1600 FT-IR 
spectrometer.  
Single crystal X-Ray diffraction data was collected by Dr. Cynthia Day at Wake 
Forest University, and crystal structures were determined by Dr. Victor Day at the 
University of Kansas.  
Elemental analyses were performed at the University of Illinois Microanalytical 
Laboratory. 
Crystallization of [(PtMo6O24)4H21(H5O2)2][(n-C4H9)4N]9·4CH3CN (1). A 
solution of 0.952 g K2MoO4 (4.00 mmol) in 33.33 mL H2O was added to a 100 mL 
Nalgene beaker containing a solution of 0.250 g K2Pt(OH)6 (0.666 mmol) in 33.33 mL 
H2O. The resulting light yellow solution was filtered through glass wool and stirred for 
60 minutes. The solution was then acidified with the rapid addition of 26.17 mL 0.967M 
aq. HNO3 (25.3 mmol), causing the solution initially to turn deep yellow and then return 
to a lighter yellow. The solution was again filtered through glass wool and stirred for 60 
minutes. 1.58 g tetra-n-butylammonium bromide dissolved in 5 mL water was added to 
the solution, immediately forming a light yellow precipitate. The precipitate was 
collected by vacuum filtration through a fine glass frit and washed with 20 mL water and 
20 mL ether. After air drying overnight, 0.785 g of a tan solid was collected. To obtain 
crystals, 0.150 g of the solid was dissolved in 5 mL acetonitrile, this solution was filtered 
through a fine glass frit to remove a small amount of insoluble material, 5 mL toluene 
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was added to the yellow solution, and the resulting solution was stored at room 
temperature. Yellow, needle-shaped crystals were observed on the on the bottom of the 
vial after six days.  
Preparation of [(PtMo6O24)4H21(H5O2)2][(n-C4H9)4N]9 (2). A solution of 1.00 g 
K2Pt(OH)6 (2.66 mmol) in 133 mL water was prepared in a 500 mL Nalgene beaker. 
Another solution of 3.807 g (15.98 mmol) K2MoO4 in 133 mL water was prepared in 
another 500 mL Nalgene beaker, and the two solutions were combined. The resulting 
yellow solution was stirred for 1 hour and filtered by pouring through a plastic syringe 
packed with glass wool. The solution was acidified to pH 2.32 by the rapid addition of 30 
mL 1M (30 mmol) aqueous HNO3, followed by dropwise addition of about 4.4 mL 1M 
(4.4 mmol) aqueous HNO3, causing the solution to turn a deep yellow then light yellow. 
This solution was stirred for three hours and again filtered by pouring through a plastic 
syringe packed with glass wool. Tetra-n-butylammonium bromide (2.14 g, 6.63 mmol) 
was added to the solution with stirring, immediately forming a precipitate, which was 
collected by vacuum filtration through a fine glass frit. After washing with 20 mL water 
and 20 mL ether, 2.51 g of a light tan solid was collected. The crude product was purified 
by dissolving in 5 mL acetonitrile, removing insoluble particles by filtration through a 
fine glass frit, and reprecipitating with 20 mL ether. A yellow solid (2.01 g) was collected 
after washing with ether and was dried in air on a vacuum filter. Crystals were obtained 
by dissolving 0.500 g of this material in 2mL acetonitrile, adding 1mL ether, and storing 
at 0° C for 1-2 days until yellow needle-shaped crystals appeared. 1.09 g of crystalline 
product (24% yield based on Pt) was collected in total. The final product was very 
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soluble in acetonitrile (0.1 M), slightly soluble in dichloromethane, and insoluble in 
chloroform.  
 Anal Calcd. for [(PtMo6O24)4H21(H5O2)2][(n-C4H9)4N]9: C, 25.08; H, 5.19; N, 
1.83; Pt, 11.32; Mo, 33.39. Found: C, 25.19; H, 4.98; N, 1.88; Pt, 11.15; Mo, 33.58. 1H 
NMR (500 MHz, 29.3 mM Pt in 1:4 (v/v) CD3CN/CDCl3) δ 10.96 (s, 1H), 8.58 (s, 2H), 
8.50 (s, 2H), 8.48 (s, 2H), 8.14 (s, 2H), 7.62 (s, 2H), 7.52 (s, 2H), 7.40 (s, 2H), 6.83 (s, 
2H), 6.66 (s, 2H), 3.05 (m, 72H, NCH2), 1.50 (m, 72H, NCH2CH2), 1.33 (m, 72H, 
RCH2CH3), 0.87 (t, 108H, CH3). 195Pt NMR (129.3 MHz, 29.3 mM Pt in 1:4 v/v 
CD3CN/CD2Cl2) δ 2942, 2851. IR (KBr pellet, 1000-450 cm-1, see Figure 3.2) 950(s), 
923(s), 904 (s), 880 (s), 802 (w), 710 (s), 681(m), 634 (s), 563 (m), 525 (m).  
  
3.3 Results 
Preparation of [(PtMo6O24)4H21(H5O2)2][(n-C4H9)4N]9·4CH3CN (1). Crystals 
containing the [(PtMo6O24)4H23]9- unit (see Figure 3.1) were initially obtained from 
reaction of K2Pt(OH)6 and K2MoO4 with aqueous NO3H, using the same stoichiometry 
employed for the preparation of K2PtMo6O24H6, and adding (n-C4H9)4NBr to obtain a 
precipitate. Single crystals were formed 3 – 5 days after dissolving this material into 
acetonitrile and adding toluene, and X-ray diffraction analysis of these crystals in their 
mother liquor revealed the presence of CH3CN molecules, (n-C4H9)4N+ cations, 
[(PtMo6O24)4H23]9- anions, and pairs of oxygen atoms assigned to two hydrogen-bonded 
(H2O)2 units.10 The two terminally-bonded hydrogen atoms in the [(PtMo6O24)4H23]9- 
anions were each bonded to one of the two (H2O)2 oxygen atoms , and the compound was 
therefore formulated crystallographically as [(PtMo6O24)4H21(H5O2)2][(n-
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C4H9)4N]9·4CH3CN. The crystals just described could not be obtained in significant yield, 
but analytically pure [(PtMo6O24)4H21(H5O2)2][(n-C4H9)4N]9 (2) could be isolated 
reproducibly in reasonable (~25%) yield after appropriate modification of the original 
preparative procedure (see Experimental Section).  
The Ci structure of the [(PtMo6O24)4H23]9- unit shown in Figure 3.1, derived from 
a single crystal X-ray diffraction study,10 is ambiguous with regard to its symmetry 
insofar as the location of the centrally-located hydrogen atom labeled H1 may reflect 
static or dynamic disorder. As discussed elsewhere,10 the H1 hydrogen atom is most 
likely not symmetrically hydrogen-bonded, and the true anion symmetry may well be C1, 
not Ci. 
Solution Structure of [(PtMo6O24)4H21(H5O2)2]9- (anion 2). Solutions of 
compound 2 displayed 195Pt and 1H NMR spectra that were remarkably sensitive to 
choice of solvent, degree of solvent hydration, solute concentration, solution temperature, 
and sample purity. The number of resonances observed as well as the chemical shifts, 
linewidths, and relative intensities of these resonances were all sensitive to experimental 
conditions and difficult to reproduce, and up to 23 well-resolved 1H NMR solution 
resonances could be observed under very dry conditions. But after a considerable amount 
of experimentation, spectra could be measured reproducibly using ~7 mM solutions in 
1:4 (v/v) CD3CN/CDCl3. 
Platinum-195 NMR spectra of compound 2 displayed two strong resonances 
having equal intensity, the resonances labeled a and b in Figure 3.3, indicating that the 
tetramer is largely undissociated in solution. Since the tetrameric structure shown in 
Figure 3.1 has Ci symmetry, two 195Pt NMR resonances are anticipated, one arising from 
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the two symmetry-equivalent “inner” PtMo6O248- units and the other arising for the two 
symmetry-equivalent “outer” units.  
Proton NMR spectra of compound 2 were more complex due to the large number 
of symmetry-nonequivalent protons in the tetrameric structure and the presence H5O2+ 
dihydroxonium units, whose protons are known to be extremely labile.11 Four types of 
symmetry-equivalent protons can be identified in the structure shown in Figure 3.1, all of 
which arise either from protons covalently bonded either to triply bridging OPtMo2 (Oc) 
oxygen atoms or doubly bridging OMo2 (Ob) oxygen atoms (see Scheme 3.1). The first 
type of protons, designated Hcc protons, are covalently bonded to Oc oxygen atoms and 
hydrogen-bonded to Oc oxygen atoms; there are two sets of symmetry-equivalent protons 
of this type, the sets of protons labeled H1 and H2 and colored blue in Figure 3.1. The 
second type of protons, designated Hct protons, are covalently bonded to Oc oxygen 
atoms and hydrogen-bonded to terminal OMo (Ot ) oxygen atoms (see Scheme 3.1); there 
are six sets of protons of this type, those sets labeled H3, H4, H5, H6, H7, and H8, and 
colored red in Figure 3.1. Both the Hcc and Hct hydrogen atoms are involved in O-H…O 
hydrogen bonds where O…O distances range between 2.543(4) and 2.690(4) Å.10 The 
third type of protons, designated Hbb protons, are covalently bonded to Ob oxygen atoms 
and hydrogen-bonded to Ob oxygen atoms; there are three sets of protons of this type, 
those sets labeled H9, H10, and H11, and colored green in Figure 3.1. The Hbb hydrogen 
atoms are involved in O-H…O hydrogen bonds where the O…O distances are relatively 
long, ranging between 2.755(4) and 2.850(5) Å.10 The fourth type of protons includes the 
two symmetry equivalent protons labeled H12 and colored orange in Figure 3.1, where 
each is seen to be bonded to an Oc oxygen atom. These protons are part of the H5O2+ 
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groups observed in the solid state structure of 2. Assuming that the H5O2+ groups yield a 
single “water resonance,” a maximum of twelve proton resonances may be anticipated for 
anion 2: eight Hcc and Hct resonances from protons covalently bonded to Oc oxygen 
atoms, three Hbb resonances from protons bonded to Ob oxygen atoms, and one “water” 
resonance assigned to the H5O2+ protons. 
Eleven resonances were observed in the 1H NMR spectrum of anion 2 at 20 °C, 
eight intense and sharp resonances with relative intensities 1:2:2:2:2:2:2:2 labeled 1 – 8 
in Figure 3.4a, two relatively broad resonances with relative intensities 2:2 labeled B1 
and B2 in Figure 3.4a, and an extremely broad “water” resonance labeled w in Figure 
3.4a at about 2.8 ppm appearing as a shoulder on the –NCH2 resonance of the (n-
C4H9)4N+ cations. When 1H NMR spectra of this sample were remeasured at increasingly 
low temperatures as shown in Figure 3.4b-g, resonances 1 – 8 broadened slightly with 
decreasing temperature and their chemical shifts showed significant temperature 
dependence; resonances B1 and B2 became increasingly narrow with decreasing 
temperature, until their line widths were comparable with those of resonances 1 – 8; and 
the very broad resonance labeled w in Figure 3.4a displayed substantial line narrowing 
with decreasing temperature. This result suggested rapid chemical exchange between 
resonances B1, B2, and the “water resonance” w, which was confirmed by measuring the 
1H NMR spectrum of anion 2 in hydrated 1:4 (v/v) CD3CN/CDCl3 solution . Here, 
resonances B1 and B2 were broadened beyond recognition, presumably a consequence of 
rapid proton exchange with water, since a broad (~99 Hz fwhm), intense “water 
resonance” was observed at δ 2.47. Using this information, the 1H NMR spectrum of 
anion 2 was assigned as follows. Resonance 1 was assigned on the basis of its intensity to 
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the unique, centrally located proton H1, which lies on the anion’s center of symmetry 
(see Figure 3.1). Resonances 1-8 were assigned to protons H1-H8 since these protons are 
involved in hydrogen bonds with relatively short O…O distances (see above) which 
shield them from water and thus inhibit proton exchange with water protons. Of the 
remaining three protons H9-H11, those involved in hydrogen bonds with relatively long 
O…O distances, two were exchange-broadened by proton exchange with the protons 
responsible for the water resonance labeled w and observed as resonances B1 and B2. 
The third proton was not observed, presumably because its resonance was exchange-
broadened beyond recognition; it might even have dissociated in solution. The H5O2+ 
protons, as anticipated above, were presumably observed as part of the water resonance 
labeled w, but since rapid proton exchange obscures their identity, the fate of the H5O2+ 
groups in solution is unclear: they might have remained hydrogen bonded to the 
platinomolybdate tetramer as in crystalline 2 or one or both may have dissociated into 
smaller fragments (see below).  
 A more detailed assignment of the 1H NMR spectrum shown in Figure 3.4a could 
be obtained from a 2D EXSY experiment performed on a heavily hydrated 1:4 (v/v) 
CD3CN/CDCl3 solution of compound 2. As shown in Figure 3.5, this experiment showed 
mutual exchange among protons responsible for the water resonance and three other sets 
of resonances: resonances 1, 3, and 6; resonances 2, 7, and 8; and resonances 4 and 5. 
Since resonance 1 could be assigned to proton H1 (see Figure 3.1) on the basis of its 
intensity (see above) and since proton H1 lies in close proximity to two of the protons 
responsible for resonances 1 – 8, namely, protons H3 and H6, resonances 3 and 6 were 
assigned to the set of protons {H3, H6} assuming that proton transfer between OH groups 
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is most rapid when the oxygen atoms involved are in contact. This assumption leads to 
the expectation of rapid exchange among two other sets of protons responsible for 
resonances 1 - 8, namely, {H2, H7, and H8} and {H4, H5} and the assignment of 
resonances 2, 7, and 8 to the former set and resonances 4 and 5 to the latter set. 
In summary, 1H and 195Pt solution NMR spectra are both consistent with the gross 
features of the solid state platinomolybdate structure shown in Figure 3.1 insofar as the 
four protonated PtMo6O248- units are linked by at least 19 hydrogen bonds to form a 
robust, centrosymmetric aggregate. Note, however, that the ambiguity noted above 
regarding the symmetric nature of the H1 hydrogen bond in the solid state is retained in 
solution. Proton H1 may well be involved in unsymmetric hydrogen bonding such that 
anion 2 has C1, not Ci, symmetry, but dynamic disordering (fluxionality) yields Ci 
symmetry on the NMR time scale. The line broadening observed in spectra of compound 
2 as the sample temperature is lowered cannot be attributed to fluxionality between two 
enantiomeric C1 configurations (see above), since this type of process would not lead to 
broadening of the H1 resonance, which is in fact observed. Note also that rapid proton 
exchange obscures any information regarding the fate of the H5O2+ groups observed in 
the solid state once compound 2 enters solution. Although both H5O2+ groups are 
hydrogen bonded to the [(PtMo6O24)4H21]11- anion in the solid state, one or more of them 
might be dissociated in solution. Alternatively, dissociation of water molecules might 
yield [(PtMo6O24)4H22]10- and [(PtMo6O24)4H23]9- anions possibly hydrogen bonded to 
one or more water molecules. Since the H5O2+ groups are symmetrically hydrogen 
bonded to [(PtMo6O24)4H21]11- anions in the solid state, their favored dissociation pathway 
in solution is impossible to predict with any degree of certainty. 
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3.4 Discussion 
 This section is concerned with identifying the factors responsible for the stability 
and structure of the platinomolybdate tetramer in terms of molybdenum-oxygen and 
hydrogen-oxygen bonding as represented in Figure 3.1. Standard conventions are 
maintained for molybdenum-oxygen bonding, where bonds with d(Mo-O) < 1.80 Å are 
designated “double bonds” and drawn with double lines, bonds with 1.80 Å ≤ d(Mo-O) ≤ 
2.10 Å are designated “single bonds” and drawn with single lines, and bonds with d(Mo-
O) > 2.10 Å are designated “weak bonds” and drawn with broken lines, operating on the 
general assumption that shorter bonds are stronger bonds and longer bonds are weaker 
bonds. As far as hydrogen-oxygen bonds are concerned, long bonds with d(H-O) > 1.40 
Å are designated not “weak bonds” but instead “hydrogen bonds” to conform with 
convention and drawn with broken lines, but short bonds with d(H-O) ≤ 1.40 Å are 
designated “single bonds” or simply “bonds,” not “covalent bonds” as is conventional. 
The term “covalent bond” will be avoided and distinctions between σ and pi bonding 
effects will be avoided as well in order to avoid the ambiguities sometimes associated 
with these terms.  
 Stability of the Platinomolybdate Tetramer. The stability of the 
platinomolybdate tetramer in solution is most easily rationalized by the presence of 
multiple hydrogen bonds linking the monomer units: dissociation of the tetramer requires 
breaking a minimum of seven hydrogen bonds. This rationalization raises two questions. 
If this tetramer is so stable, why has it not been observed to date among the numerous 
salts of protonated PtMo6O248- anions that have been isolated and structurally 
characterized to date? What features of the protonated platinomolybdate ion enable it to 
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form up to fourteen hydrogen bonds with neighboring platinomolybdate ions? The 
answer to the first question probably lies in the choice of counterion and solvent. In the 
present study, the platinomolybdate tetramer was isolated as a tetra-n-butylammonium 
salt whereas previous workers have employed smaller and more highly charged cations 
such as K+ and NH4+.12-18 These smaller and/or more highly charged cations are quite 
capable of clustering around relatively small anions and larger cations are less so. Small 
and highly charged cations may therefore tend to discourage formation of large, 
hydrogen-bonded anion-anion aggregates, since cation-anion aggregation might be more 
favorable electrostatically. With regard to solvent, previously studied salts have been 
crystallized from aqueous solution. Since water is a far better hydrogen bond donor and 
acceptor than the solvents employed in the present study, acetonitrile and chloroform, 
solvation by water involving water-anion hydrogen bonding may provide an 
electrostatically more favorable alternative to anion-anion hydrogen bonding. Regarding 
the second question just raised, the self-complementary nature of protonated PtMo6O248- 
anions is self-evident from Figure 3.1. In addition, however, cooperative hydrogen 
bonding effects likely also play a role, serving not only to strengthen hydrogen-bonds but 
also to redistribute negative charge in the tetramer, thus minimizing anion-anion 
repulsion. The role played by cooperative (and anticooperative) hydrogen bonding is 
discussed in the paragraphs that follow. 
 The potential for cooperative hydrogen bonding was first intimated from the X-
ray crystallographic data summarized in Figure 3.6,10 where Mo=Ot bond lengths are 
plotted against Mo…Oc bond lengths for all of the trans Ot=Mo…Oc units in anion 2. 
Comparison of data for H…Ot=Mo…Oc-H units with the corresponding data for 
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Ot=Mo…Oc-H units reveals that H…Ot hydrogen bonding weakens the Ot=Mo bonds, 
strengthens the trans- Mo…Oc bonds, and presumably weakens the Oc-H bonds, 
rendering the Ot=Mo…Oc-H unit a stronger hydrogen bond donor, thus offering the 
potential for cooperative effects in H…Ot=Mo…Oc-H…(Ot=Mo…Oc-H…)n chains. 
Comparison of data for the H…Ot=Mo…Oc…H unit with the corresponding data for the 
Ot=Mo…Oc…H unit reveals a similar effect, presumably rendering the Oc atom a weaker 
hydrogen bond acceptor, offering the potential for anticooperative effects in  
(Ot=Mo…Oc-H)n…Ot=Mo…Oc…(H-Oc…Mo=Ot)n chains. Although the presumption of 
cooperative and anticooperative effects could not be confirmed X-ray 
crystallographically due to the imprecision of hydrogen atom coordinates,10 1H NMR 
chemical shifts are known to be quite sensitive to hydrogen bond strengths and therefore 
might allow for confirmation using NMR data.  
The scenario just proposed for cooperative hydrogen bonding in anion 2 is 
reminiscent of cooperative hydrogen bonding effects in polypeptides, where introduction 
of a hydrogen bond acceptor B as in a renders the carbonyl oxygen atom a better  
 
 
 
 
     a   b 
hydrogen bond acceptor and introduction of a hydrogen bond donor HA as in b renders 
the amide proton a better hydrogen bond donor.19 As a result, formation of hydrogen-
bonded amide chains of the type shown in Scheme 3.2 yields enhanced hydrogen bonding 
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interactions in polypeptide β-sheets and α-helices.20 Indeed, when an analogy is drawn 
between peptide hydrogen bonding (see a and b) and platinomolybdate hydrogen 
bonding (see c and d), chains analogous to the peptide chain shown in Scheme 3.2 may 
 
 
 
 
    c   d 
be identified in the platinomolybdate tetramer structure (see Figure 3.7). Moreover, these 
chains, like their peptide analogues, are quasiplanar as shown in Figure 3.8a-c. Two types 
of platinomolybdate hydrogen-bonded chains are homodromic,1 like the peptide chain 
shown in Scheme 3.2, with all of their hydrogen bonds oriented in the same direction 
such that all of the interactions are cooperative. These are the blue and green chains 
shown in Scheme 3.3 e and h, respectively. The two remaining types of chains, the red 
and orange chains shown in Scheme 3.3 f and g, respectively, are antidromic,1 with 
hydrogen bonds oriented in two opposing directions such that anticooperative interactions 
are generated.  
 Since cooperative hydrogen bonding effects are known to be key determinants of 
amide proton chemical shifts in hydrogen-bonded peptide chains,21 1H NMR 
spectroscopy may provide a method for probing analogous cooperative/anticooperative 
behavior in the platinomolybdate system. In peptide chains, the primary hydrogen bond 
acceptor (see Scheme 3.2) is the greatest contributor to an amide proton chemical shift, 
with strong acceptors providing the largest downfield chemical shifts. Secondary 
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hydrogen bond donors (see Scheme 3.2) usually exert a smaller influence, and the 
influence of tertiary hydrogen bond donors and acceptors (see Scheme 3.2) is usually 
smaller still. Assuming that cooperative hydrogen bonding effects affect proton chemical 
shifts in the present hydrogen bonded platinomolybdate chains in the same fashion, 
analysis of the chemical shifts for protons H1-H8 in anion 2 (see Figure 3.1, Figure 3.7, 
and Scheme 3.3) proceeds as follows. Of the two types of primary hydrogen bond 
acceptors, Oc and Ot oxygen atoms (see Scheme 3.1), the Oc atoms are expected to be the 
stronger acceptors. The resonances for protons H1 and H2 are therefore expected to have 
larger chemical shift values than the resonances for protons H3-H8. Of the six protons 
hydrogen bonded to Ot acceptors, two (H3 and H4) are influenced by secondary 
hydrogen bonds while the remaining four are not. This suggests the sequence of chemical 
shift values δ(H1), δ(H2) > δ(H3), δ(H4) > δ(H5), δ(H6), δ(H7), δ(H8). Recall that only 
one of the eight proton resonances in question can be unambiguously assigned 
experimentally, namely, resonance 1 to H1 on the basis of its intensity. The remaining 
assignments are made using 2D EXSY spectroscopy and all involve a degree of 
ambiguity: resonances 1, 3, and 6, are assigned to the set {H1, H3, H6}; resonances 2, 7, 
and 8, to the set {H2, H7, H8}; and resonances 4 and 5 to {H4, H5}. If cooperative 
hydrogen bonding effects are in fact key determinants of proton chemical shifts, all of the 
resonances within these sets save two can then be unambiguously assigned from the 
sequence just provided: δ(H1) > δ(H3)> δ(H6); δ(H2)> δ(H7), δ(H8); and δ(H4) > 
δ(H5). Furthermore, resonance 8 can be assigned to H8 and resonance 7 to H7 since 
hydrogen bonding to H8 involves a relatively weak Ot tertiary acceptor whereas 
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hydrogen bonding to H7 involves a relatively strong Oc tertiary acceptor. The net result is 
assignment of resonances 1-8 to protons H1-H8, respectively. 
The assignment of 1H NMR resonances 1-8 to protons H1-H8, respectively, is 
entirely self-consistent with respect to the cooperative hydrogen bonding model insofar 
as the intensity-based and EXSY-based assignments are concerned. The red chain f (see 
Scheme 3.3) is derived from the orange chain g by addition of the (OtMo)2OcH7 acceptor 
such that δ(H1) is predicted to be greater than δ(H2) since addition of the (OtMo)2OcH7 
acceptor transforms the (OtMo)2OcH1 donor into a stronger donor than the (OtMo)2OcH2 
donor (cooperative effect). Also, transformation of the green chain h into the orange 
chain g and the red chain f by addition of an increasing number of tertiary hydrogen bond 
acceptors renders the hydrogen bond acceptors to H5, H6, and H7, increasingly weak and 
hence δ(H5) > δ(H6) > δ(H7) (anticooperative effect). Note that the very similar 
chemical shifts of resonance 3 and 4 follows from the fact that the chemical shifts of H3 
and H4 are both influenced cooperatively by one secondary hydrogen bond plus one 
tertiary hydrogen bond.  
 Structure of the Platinomolybdate Tetramer. Given the mode by which 
nearest-neighbor platinomolybdate ions are linked by seven hydrogen atoms in Figure 
3.1, two types of isomerism are conceivable given the D3d symmetry of the PtMo6O248- 
anion and the potential for hydrogen bond “flip-flop”1 disorder. The first type, 
tautomerism, involves the “flip-flop” transfer of a bridging proton between its two 
nearest-neighbor oxygen atoms while maintaining the structural framework shown in 
Figure 3.1. The second type, constitutional isomerism, involves retaining seven hydrogen 
bonds between monomers as in Figure 3.1 but altering the relationship between 
50 
 
neighboring linkages by taking advantage of the threefold rotational symmetry of the 
PtMo6O248- anion.   
 Two different types of PtMo6O248- protonation are observed in anion 2, Ob 
protonation as in i and Oc protonation as in j. Configurations i and j are the sole proton 
 
 
 
 
 
   i     j 
configurations observed to date in hexamolybdoplatinate chemistry insofar as either an 
Ob or Oc atom bridging a given pair of molybdenum centers may be protonated as in i or 
j, respectively, but in no case has protonation been observed to occur at both atoms 
bridging the same pair of molybdenum centers,12-18 an observation easily rationalized by 
electrostatic considerations. This suggests that protonation at one of the two sites might 
inhibit protonation at the other, a constraint that will be referred to in the discussion that 
follows as “proton exclusion.” 
Tautomerism is possible in anion 2 for those protons bridging equivalent types of 
oxygen atoms, namely, the Hcc protons, H1 and H2, and the Hbb protons, H9-H11 (see 
Figure 3.1). The number of isomers possible is severely restricted, however, if proton 
exclusion is invoked, that is, if the assumption is made that adjacent pairs of Ob and Oc 
oxygen atoms of the type shown in i and j cannot both be protonated. Since the positions 
of the Hct protons H3 and H4 are fixed, invoking proton exclusion fixes the positions of 
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H10 and H9, respectively. Given that the position of H9 is fixed, then the position of H2 
is fixed as well by invoking proton exclusion, leaving only H1 and H11 tautomerism as 
viable options. If H1 is symmetrically disposed and bonded to both of its nearest-
neighbor oxygen atoms by single bonds, then proton exclusion dictates that both H11 
protons are bonded to an outer PtMo6O248- anion and hydrogen bonded to an inner anion. 
If, however, H1 is unsymmetrically disposed, forming one (single) bond and one 
hydrogen bond, then only one of the two H11 protons must be bonded to an outer anion 
and the other H11 proton is free to bind either to an outer or an inner anion as far as 
proton exclusion is concerned. The observation that both H11 protons are bonded to outer 
anions even though H1 is most likely unsymmetrically disposed can be rationalized by 
viewing anion 2 as a [(PtMo6O24)4H21]11- anion hydrogen bonded to two H5O2+ cations. If 
the H1 proton in the anion is unsymmetrically bonded, one H11 proton is bonded to an 
outer PtMo6O248- anion and the other H11 proton is bonded to an inner PtMo6O248- anion, 
then the [(PtMo6O24)4H21]11- anion is an aggregate of two H6PtMo6O242- anions, one 
H5PtMo6O243- anions, and one H4PtMo6O244- anion. If the H1 proton in the anion is 
unsymmetrically bonded and both H11 protons are bonded to outer PtMo6O248- anions, 
then the [(PtMo6O24)4H21]11- anion is an aggregate of one H6PtMo6O242- anion and three 
H5PtMo6O243- anions. The latter possibility is clearly favored electrostatically, since it 
allows for a more uniform charge distribution. 
 Constitutional isomers of the platinomolybdate tetramer arise since three different 
configurations are possible when a monomer is linked to two other monomers to form a 
triad (see Figure 3.9). These three isomers arise from the three-fold rotational symmetry 
associated with each face of the central monomer: the trans isomer, labeled T in Figure 
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3.10, has C2h symmetry and is achiral; the two remaining isomers, labeled D and L in 
Figure 3.10, have C2 symmetry and are enantiomers. Since platinomolybdate tetramers 
contain two triads, the six isomers shown in Figure 3.10 are possible, the achiral C2h-TT 
linear staircase isomer, the C1-TD and C1-TL enantiomers, the helical C2-DD and C2-LL 
enantiomers, and the achiral Ci-DL isomer. The fact that the platinomolybdate tetramer 
adopts the DL configuration can be rationalized by considering the tautomers possible for 
each of the configurations shown in Figure 3.10 by following the same procedure just 
outlined for the DL tautomers. When all possible TT, TD, TL, DD, and LL tautomers are 
considered, not a single one is acceptable when proton exclusion is invoked, that is, none 
of them can avoid double protonation of adjacent Ob/Oc centers bridging the same two 
Mo centers (see i and j).  
 
3.5 Outlook 
 Given the success of the proton exclusion model in rationalizing the structure of 
the platinomolybdate tetramer, another consequence of proton exclusion warrants 
consideration. Specifically, the largest protonated hexamolybdoplatinate oligomer 
allowed by proton exclusion is the pentamer; only two of the 18 possible constitutional 
isomers are allowed for the pentamer assuming proton exclusion, the C2-DLD and C2-
LDL enantiomers; and only one tautomer is possible for each of these isomers if proton 
exclusion is invoked (see Figure 3.11). Although no attempt has been made to establish 
conditions favoring the formation of these species, it is perhaps significant that the 
impurity peaks present in the NMR spectra shown in Figures 3.3 and 3.4a are consistent 
with the presence of this pentamer: the 195Pt NMR spectrum displays the three resonances 
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with relative intensities of 2:1:2 expected the pentamer and the 1H NMR spectrum 
displays 9 of the 10 equal-intensity resonances expected for the two types of Hcc and 
eight types of Hct protons in the structure (see Figure 3.11).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
54 
 
3.6 References 
(1)  Jeffrey, G. A., Saenger, W. Hydrogen Bonding in Biological Structures; Springer- 
Verlag:, 1994. 
 
(2)  Fujita, M. Molecular Self-Assembly: Organic Versus Inorganic Approaches; 
Springer-Verlag, 2000; Vol. 96. 
 
(3)  Mingos, D. M. P. Supramolecular Assemblyvia Hydrogen Bonds I; Springer-
Verlag, 2004; Vol. 108. 
 
(4) Mingos, D. M. P. Supramolecular Assembly via Hydrogen Bonds II; Springer-
Verlag, 2004; Vol. 111. 
 
(5)  Prins, L. J., Reinhoudt, D. N., Timmerman, P., Angew. Chem. Int. Ed. 2001, 40, 
2382-2426. 
 
(6)    Jona, F., Shirane, G. Ferroelectric Crystals. New York: Macmillan, 1962. 
 
(7)  For an exception, see Day, V. W. Klemperer, W. G.; Maltbie, D. J., J. Am. Chem. 
Soc. 1987, 109, 2991. 
 
(8)  Golubev, N.S., Shenderovich, I.G., Tolstoy, P.M., Shchepkin, D. N. J., Mol. 
Struct. 2004, 697, 9–15. 
 
(9)  Jacobsen, N. E. NMR Spectroscopy Explained; John Wiley & Sons: Hoboken,  
2007. 
 
(10)  Day, V.W., Goloboy, J.C., Klemperer, W.G., Eur. J. Inorg. Chem. 2009, 5079–
5087 
 
(11)  Vendrell, O., Gatti, F., Meyer, H.-D., Angew. Chem. Int. Ed. 2007, 46, 6918-
6921. 
 
(12)  Lee U., Sasaki Y., Bull. Korean Chem. Soc. 1994, 15, 37–45. 
 
(13)  Lee U., Joo H.-C., Acta Crystallogr., Sect. E 2007, 63, i11–i13. 
 
(14)  Lee U., Acta Crystallogr., Sect. C 1994, 50, 1657–1659.  
 
(15)  Lee, U., Joo, H.-C, Acta Crystallogr., Sect. C 2000, 56, e311–e312. 
 
(16)  Lee, U., Joo, H.-C, Acta Crystallogr., Sect. E 2004, 60, i61–i63. 
 
(17)  Lee, U., Joo, H.-C., Acta Crystallogr., Sect. E 2006, 62, i231–i233. 
 
55 
 
(18)  Lee, U., Joo, H.-C., Acta Crystallogr., Sect. E 2006, 62, i241–i243. 
 
(19)  Guo, H., Karplus, M., J. Phys. Chem. 1994, 98, 7104-7105. 
 
(20)  Kobko, N., Dannenberg, J.J., J. Phys. Chem. A 2003, 107, 10387-10395. 
 
(21)  Parker, L. L., Houk, A.R., Jensen, J.H., J. Am. Chem. Soc. 2006, 128, 9863-9872. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
56 
 
 3.7 Figures 
 
 
 
 
Figure 3.1 Line drawing of the Ci-[(PtMo6O24)4H23]9- tetramer. Members of each set of 
symmetry equivalent hydrogen atoms are provided with the same label. The color scheme 
is explained in the text. 
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Figure 3.2 Infrared spectrum of compound 2 in a KBr pellet. 
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Figure 3.3 129.3 MHz 195Pt NMR spectrum of compound 2 in 1:4 (v/v) CD3CN/CDCl3. 
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Figure 3.4 500 MHz 1H NMR spectra of compound 2 in 1:4 (v/v) CD3CN/CDCl3 at a) 
20º C, b) 10º C, c) 0º C, d) -10º C, e) -20º C, f) -30º C, and g) -40º C. The 7.26 ppm 
CHCl3 and 3.06 ppm -NCH2 peaks are truncated for clarity. 
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Figure 3.7 Color-coded hydrogen-bonded molybdenum-oxygen chains in anion 2. 
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Figure 3.8 The quasiplanarity of hydrogen-bonded molybdenum-oxygen chains is shown 
in (a) – (c). The relative orientations of the three sets planes defined in (a) – (c) is shown 
in (d). 
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Figure 3.9 Isomers possible for hexamolybdoplatinate trimers. 
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Figure 3.11 Proposed structure of the [(PtMo6O24)5H30]10- anion. 
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Scheme 3.1 Oxygen atom labeling scheme for the PtMo6O248-anion. 
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Scheme 3.2 Hydrogen-bonded amide chains. 
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Chapter 4 
 
Stepwise Disaggregation of the Platinomolybdate Tetramer [(PtMo6O24)4H21]11- 
 
4.1 Introduction 
 Hydrogen-bonded aggregation is, generally speaking, a self-assembly process, a 
process where monomers “spontaneously” aggregate in an uncontrolled fashion.1 This 
Chapter is concerned with demonstrating that protonated hexamolybdoplatinate 
aggregates are exceptional insofar as the tetramer can be converted to the trimer and the 
trimer to the dimer in a controlled fashion. The ability to control their assembly rests in 
part with the stoichiometric relationships holding between the different aggregates. In 
Chapter 3, the structure, stability, and stoichiometry of the platinomolybdate tetramer 
[(PtMo6O24)4H23]9- was rationalized in terms of two structural principles, the linkage of 
nearest-neighbor α-PtMo6O248- monomers by a set of seven hydrogen bonds and “proton 
exclusion,” a tendency to avoid protonation at both of the oxygen atoms bridging a given 
pair of adjacent molybdenum atoms. Consideration of all possible platinomolybdate 
aggregates conforming to these two principles allows for only twelve possibilities, the 
dimer [(PtMo6O24)2H7]9- (DIM) 2-3, trimer [(PtMo6O24)3H14]10- (TRI), tetramer 
[(PtMo6O24)4H21]11- (TET), and pentamer [(PtMo6O24)5H28]12- (PENT), along with the 
same aggregates in mono- and diprotonated form, namely, HDIM, H2DIM3-4, HTRI, 
H2TRI, HTET, H2TET, HPENT, and H2PENT, assuming that the outer monomers in 
each oligomer can each bind no more than one terminal hydrogen atom. As illustrated in 
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Figure 4.1, the stoichiometries of these species cover a wide range when expressed as the 
number of protons per PtMo6O248- monomer, allowing for the possibility of stepwise 
disaggregation of the tetramer by titration with a Brønsted base. The equivalents of base 
required to transform H2TET into smaller aggregates is given in Figure 4.1 as “base per 
H2TET“. 
 The stepwise disaggregation of the platinomolybdate tetramer in solution is 
studied in this chapter by performing NMR titrations of H2TET with triethylamine and 
water. Successful interpretation of the results required first isolating and characterizing 
the platinomolybdate trimer, which is also described. 
 
4.2 Experimental 
 Reagents, Solvents, and General Procedures. Deionized water was obtained 
from a Barnstead Nanopure II water purification system. The 
[(PtMo6O24)4H21(H5O2)2][(n-C4H9)4N]9 tetramer salt was prepared as described in 
Chapter 3. Platinum(II) chloride (Colonial Metals), potassium molybdate, 85% potassium 
hydroxide pellets (Aldrich), pH 4.00 and pH 2.00 buffer solutions, calcium hydride, nitric 
acid, toluene, cyclooctadiene, and diethyl ether (Fisher) were used as received without 
further purification. Tetrabutylammonium bromide (Aldrich) was recrystallized from a 
saturated aqueous solution cooled to 0º. Triethylamine (Fisher), d3-acetonitrile (Aldrich), 
and d-chloroform (Aldrich) and were refluxed over CaH2 and distilled from CaH2 
immediately prior to use.  
Analytical Procedures. 1D 1H NMR spectra were recorded on a Varian Unity 
500 spectrometer equipped with a Nalorac QUAD probe. 2D 1H NMR spectra were 
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recorded on a Varian Unity Inova 750 spectrometer equipped with a Varian 5mm 
1H{13C/15N} PFG X, Y, Z probe. Chemical shifts for 1H NMR experiments were 
referenced to CDCl3 at 7.258 ppm. The ethyl peak of 1,5-cyclooctadiene was used as an 
internal integration standard for the 1H NMR titrations. EXSY spectra were obtained with 
2048 x 128 data points using the standard phase-sensitive NOESY pulse sequence and a 
mixing time of 200 ms. 195Pt NMR spectra were recorded at 129.3 MHz on a Varian 
Unity Inova 600 spectrometer equipped with a 10mm 15N - 31P broadband probe, and 
chemical shifts were referenced to a 1.2M solution of Na2PtCl6 in D2O by the sample 
replacement method. Infrared spectra were recorded on a Perkin-Elmer Series 1600 FT-
IR spectrometer. Elemental analyses were performed at the University of Illinois 
Microanalytical Laboratory.  
Preparation of [(PtMo6O24)3H15][(C4H9)4N]6[(C2H5)3NH]3: A 250 mg sample 
of [(PtMo6O24)4H21(H5O2)2][(n-C4H9)4N]9 (0.036 mmol) was dissolved in 1 mL 
acetonitrile, and 5.10 µL triethylamine (0.037 mmol) was added to the solution with 
stirring every five minutes until 23 equivalents had been added. A slight yellow 
precipitate formed after 10 equivalents had been added. The solution was filtered through 
a fine glass frit, and 10 mL ether was added to the yellow filtrate, causing formation of a 
yellow precipitate which was collected by vacuum filtration through a fine glass frit. 
After drying under vacuum, 0.144 g of a light yellow solid was obtained. Yellow crystals 
were obtained by slow diffusion of ether into solutions containing 0.032g of the crude 
product in 2 mL acetonitrile. Crystals obtained in this fashion were collected on a glass 
filter frit, air dried for 18 hours, and combined to give a total of 0.087 g product in 34% 
yield based on Pt. C114H279N9Pt3Mo18O72 (5240.60): Anal. Calcd. C, 26.12; H, 5.37 , N, 
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2.41; found: C, 25.87; H, 5.14; N, 2.37. IR (KBr pellet, 1000-450 cm-1) 942 (m), 918 (s), 
902 (s), 876 (m, sh) 702(s), 635(s), 581 (m), 563(m), 527(m). 
1H NMR titration in with triethylamine and water. An NMR sample was 
prepared by dissolving 35 mg [(PtMo6O24)4H21(H5O2)2][(n-C4H9)4N]9 (0.0051 mmol) in 
0.70 mL 1:4 (v/v) CD3CN/CDCl3 and 0.37 µL water (0.021 mmol ). A 1H NMR spectrum 
of the solution was recorded, and 0.58 µL 1,5-cyclooctadiene was added as an internal 
integration standard. Then 0.2 equivalents of triethylamine (0.14 µL) were added to the 
solution, and a new spectrum recorded. This process was repeated until 5.0 equivalents of 
triethylamine had been added. Each triethylamine addition/NMR data collection cycle 
took approximately 15 minutes. After the base titration had concluded, 1.20 µL water 
(0.0666 mmol) was added to the solution and a spectrum obtained. Two portions of 4.62 
µL water (0.256 mmol) were then added, and a spectrum obtained after the addition of 
each portion. To check for kinetic effects, the 1H NMR spectrum was measured of a 
solution obtained after addition of 1 equiv of triethylamine, and five further spectra were 
obtained after 30-minute intervals. No spectral changes were observed. 
A triethylamine titration in CD2Cl2 solution was performed in a similar fashion 
using 15 mg [(PtMo6O24)4H21(H5O2)2][(n-C4H9)4N]9 (2.2 µmol) in 0.50 mL CD2Cl2 
containing 0.50 µL (28 µmol) water and adding nine aliquots of triethylamine in 0.31µL 
(2.2 µmol) increments. 
195Pt NMR titrations with triethylamine. An NMR sample was prepared by 
dissolving 140 mg [(PtMo6O24)4H21(H5O2)2][(n-C4H9)4N]9 (0.020 mmol) in 2.8 mL of 1:4 
(v/v) CD3CN/CDCl3, and adding 1 equivalent (0.37 µL) of water. A 1H NMR spectrum 
of the solution was obtained. 1 equivalent of triethylamine (2.86 µL) was then added to 
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the solution, and a new spectrum was obtained. This process was repeated until 3 
equivalents of triethylamine had been added. 
 
4.3 Results 
 Crystallization and Structure of the [(PtMo6O24)3H16]8- and 
[(PtMo6O24)3H14]10- Trimer Salts. Analytically pure bulk 
[(PtMo6O24)3H15][(C4H9)4N]6[(C2H5)3NH]3 was prepared by reaction of 
[(PtMo6O24)4H21(H2O5)2][(n-C4H9)4N]9, compound 1, with a large excess of triethylamine 
in acetonitrile solution. However, single crystals having this composition were not 
obtained. Crystallization from acetonitrile/toluene solution yielded crystals of compound 
2 which, according to a single crystal X-ray structure determination,5 was a solvated salt 
of the [(PtMo6O24)3H16]8- anion (H2TRI), 
[(PtMo6O24)3H16][(C4H9)4N]7[(C2H5)3NH]⋅6CH3CN⋅2H2O, where the H2TRI anion had 
the structure shown in Figure 4.2a. Crystallization from acetonitrile/diethyl ether yielded 
a different compound 3 containing the [(PtMo6O24)3H14]10- anion (TRI), 5 where the TRI 
anion had the same structure observed for the H2TRI anion just mentioned minus its two 
terminal hydrogen atoms, those labeled HI in Figure 4.2a. 5 In this structure, 
triethylammonium cations were hydrogen bonded to the same two oxygen atoms bonded 
to terminal hydrogen atoms in compound 2, namely, oxygen atoms bonded to the proton 
labeled HI in Figure 4.2a. The bulk [(PtMo6O24)3H15][(C4H9)4N]6[(C2H5)3NH]3 sample 
therefore might not contain the [(PtMo6O24)3H15]9- anion but might instead contain salts 
of the [(PtMo6O24)3H16]8- and [(PtMo6O24)3H14]10- anions in equal amounts. 
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The Platinomolybdate Tetramer to Trimer Transformation. Results of a 1H 
NMR titration of compound 2 with TEA in 1:4 (v/v) CD3CN/CDCl3 containing 4 
equivalents of water are presented in Figures 4.3 and 4.4, and the results are summarized 
in Figure 4.5. During the initial stages of the titration shown in Figure 4.3, the tetramer 
resonances, labeled 1 – 8, lost intensity and five equal-intensity resonances, labeled A - 
E, gained intensity. The tetramer resonances had largely disappeared after addition of 1.6 
equiv of base, but as they lost intensity, their chemical shifts remained constant within 
0.03 ppm. During the latter stages of the titration shown in Figure 4.4, the chemical shifts 
of resonances A-E changed as follows: resonance A shifted from 10.08 to 9.51 ppm, 
resonance B from 8.55 to 8.52 ppm, C from 7.93 to 7.89 ppm, D from 7.57 to 7.03 ppm, 
and E from 7.44 to 6.84 ppm. The linewidths of resonances A, D, and E were relatively 
narrow after addition of 1.6 equiv of base but broadened upon further addition of base, 
reaching a maximum at about 2.2 equiv and then becoming increasingly narrow upon 
further addition of base. Since the chemical shifts of the tetramer resonances remained 
relatively constant during the course of the titration (Figure 4.3), H2TET appeared to 
have dissociated to TET in solution. Consideration of stoichiometry (see Figure 4.1) 
suggested initial conversion of TET into H2TRI followed by conversion of H2TRI into 
HTRI.  
 Assignment of the 1H NMR resonances labeled A-E in Figures 4.3i to H2TRI was 
achieved as follows. In principle, the platinomolybdate trimer [(PtMo6O24)3H14]10- 
(H2TRI) should display eight 1H NMR resonances assigned to the eight sets of symmetry 
equivalent hydrogen atoms labeled as follows in Figure 4.2a: one set of hydrogen atoms 
bridging pairs of OPtMo2 oxygen atoms (HA hydrogen atoms, colored blue in Figure 
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4.2a), four sets bridging OPtMo2 and OMo oxygen atoms (HB, HC, HD, and HE 
hydrogen atoms, colored red in Figure 4.2a), two sets bridging pairs of OMo2 oxygen 
atoms (HF and HG hydrogen atoms, colored green in Figure 4.2a), and one set terminally 
bonded to OPtMo2 oxygen atoms (HI hydrogen atoms colored orange in Figure 4.2a). If 
the present trimer and the tetramer described in Chapter 3 behave in a similar fashion 
with respect to fast proton exchange with water, and expectation justified by the similar 
structural environments observed for bridging hydrogen atoms in both species, 5 only five 
proton resonances should be observed in a hydrated solution at ambient temperature. The 
five resonances observed for H2TRI were therefore assigned to the bridging hydrogen 
atoms bonded to OPtMo2 oxygen atoms, those labeled HA – HE in Figure 4.2a.  
Further examination of solutions obtained by adding about 2 equiv of 
triethylamine to compound 1 in hydrated CD3CH/CDCl3 or CD2Cl2 solution allowed for 
assignment of their 1H NMR spectra to H2TRI/HTRI mixtures. Assuming that the 
terminal hydrogen atoms HI in H2TRI, like the corresponding hydrogen atoms in 
H2DIM2-4, are the most acidic protons in H2TRI such that the two outer monomer units 
in HTRI are no longer equivalent, the HTRI anion should display 15 1H NMR 
resonances corresponding to the 15 types of protons labeled HA-HG’ in Figure 4.2b in 
the absence of rapid proton exchange with water and H2TRI protons, but most of these 
resonances are expected to be obscured due to proton exchange of the type just 
mentioned for H2TRI. Rapid proton exchange affects two different types of proton site 
exchange, both of which proceed in the fast exchange regime (see below). The first is 
intramolecular, arising from water-mediated proton transfer of terminal protons from one 
end of the HTRI anion to the other end. The net result of this process, coupled with rapid 
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exchange with all but the HOPtMo2 protons, is the observance of only five resonances for 
HTRI (see Figure 4.4o-r). The second proton site exchange process is intermolecular, 
arising from water-mediated proton transfer from H2TRI to HTRI. The net result of this 
process is the averaging of the H2TRI and HTRI chemical shifts observed as H2TRI is 
converted into HTRI in the course of the triethylamine titration. The spectra shown in 
Figure 4.6 demonstrate the catalytic role played by water in the overall exchange process: 
raising the water concentration decreases the linewidths of resonances A – E, the 
behavior expected for increased exchange rate in the fast exchange regime.  
Partial assignment of the 1H NMR spectrum of H2TRI/HTRI mixtures was 
achieved using 2D EXSY NMR spectroscopy. As shown in Figure 4.7, two sets of 
resonances undergo mutual exchange, {A, D, E} and {B, C}. As was the case for the 
tetramer spectrum described in Chapter 3, these sets correspond to the two unique sets of 
protons bonded to OPtMo2 oxygen atoms in the same hexamolybdoplatinate monomer in 
the trimers, that is, {HA/HA’, HD/HD’, HE/HE’} and {HB/HB’, HC/HC’} as labeled in 
Figure 4.2a and b, where HX/HX’ is defined as the set of protons including HX protons 
in H2TRI, HX protons in HTRI, and HX’protons in HTRI. Note that this assignment is 
consistent with the changes in chemical shifts and linewidths observed in the 
triethylamine titration as H2TRI is converted to HTRI. Since only the outer monomers 
are deprotonated, not the inner monomer, the chemical shifts and linewidths of those 
resonances assigned to protons bonded to the outer monomers, resonances A, D, and E, 
should be affected far more than the chemical shifts and linewidths of the resonances 
assigned to protons in the inner monomer, resonances B and C, as the conversion 
proceeds. This is clearly the case (see Figure 4.4a-m).  
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If the dynamic NMR spectra of H2TRI/HTRI mixtures are in the fast exchange 
regime, it should be possible to perform a variable temperature NMR study to “freeze 
out” the individual spectra of H2TRI and HTRI. Although a detailed study of this type 
was beyond the scope of the present investigation, a preliminary study in wet CD2Cl2 
solution suggested that this was indeed the case (see Figure 4.8). The chemical shifts of 
the resonances labeled a - e in Figure 4.8d were similar to those observed for H2TRI in 
CD2Cl2 (see below), suggesting that intermolecular proton transfer from H2TRI to HTRI 
has been frozen out. The remaining resonances were too small in number to allow for 
unambiguous assignment to HTRI, whose bridging hydrogen atoms could yield up to 14 
resolvable resonances in the slow exchange regime. Note that the -40 ºC spectrum shown 
in Figure 4.8d is by no means the low temperature limiting spectrum. At even lower 
temperatures, the spectrum became far more complex and difficult to phase-correct due 
to the presence of several extremely broad, overlapping resonances. 
The course of the titration of compound 1 with triethylamine was quite dependent 
upon solvent composition. For example, comparison of the titration curves observed in 
wet CD2Cl2 solution (Figure 4.9) with those observed in wet 1:4 (v/v) CD3CN/CDCl3 
solution (Figure 4.5) revealed that about twice as much base was required in CD2Cl2 
solution than was required in 1:4 (v/v) CD3CN/CDCl3 solution to obtain the same 
platinomolybdate transformation.  
Interpretation of the 1H NMR spectra of H2TET in wet 1:4 (v/v) CD3CN/CDCl3 
after addition of about 1-3 equiv of triethylamine in terms of a dynamic equilibrium 
between H2TRI and HTRI found support in 195Pt NMR spectra of the same solutions. 
The 195Pt NMR spectra presented in Figure 4.10 show the effect of adding up to 3 equiv 
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of triethylamine to a solution of [(PtMo6O24)4H21(H5O2)2] [(n-C4H9)4N]9 (1) in 1:4 (v/v) 
CD3CN/CDCl3 containing 1 equiv of water. After addition of 1 equiv of base, the 
intensities of the two tetramer resonances at 2942 and 2851 ppm had diminished and two 
new resonances with relative intensities of 2:1 were observed at 2903 and 2857 ppm. 
These new resonances were assigned to the H2TRI outer Pt atoms and inner Pt atoms, 
respectively, on the basis of their relative intensities and the stoichiometry expected for 
the H2TET to H2TRI transformation (see Figure 4.1). After addition of 2 equiv of base, 
three resonances were observed at 2858, 2902, and 2989 ppm, labeled α, β, and γ in 
Figure 4.10c. This spectrum was assigned to a mixture of H2TRI and HTRI, assuming 
that the terminal hydrogen atoms in H2TRI, like the corresponding hydrogen atoms in 
H2DIM, 2-4 are the most acidic protons in H2TRI such that the two outer monomer units 
in HTRI are no longer equivalent, as shown in Figure 4.2b. In the absence of rapid 
proton exchange, such a mixture should yield a 195Pt spectrum containing five 
resonances, two from H2TRI and three from HTRI, but in the presence of rapid proton 
exchange, a simpler spectrum is anticipated. In Scheme 4.1, where the two types of 
H2TRI Pt centers are labeled PtA and PtB and the three types of HTRI Pt centers are 
labeled PtA’, PtB’, and PtC’, intermolecular proton exchange is seen to average the PtA 
and PtA’ environments and the PtB, PtB’, and PtC’ environments. Since the effect of 
deprotonation is expected to be a predominantly local effect (see above), the chemical 
shifts of PtB and PtB’ are expected to be quite similar as are the chemical shifts of PtA 
and PtA’, but the chemical shifts of PtB and PtC’ are expected to be quite different. As a 
result, the resonances labeled α, β, and γ in Figure 4.10 can be tentatively assigned to a 
relatively narrow exchange-averaged PtA/PtA’ resonance; a slightly broader PtB/PtB’ 
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resonance undergoing exchange with PtC’; and a significantly broader PtC’ resonance 
undergoing exchange with PtB and PtB’, respectively. Allowing for very rapid 
intramolecular PtB’-PtC’ exchange would have no qualitative effect on the relative 
linewidths of resonances α, β, and γ, but would imply assignment of resonance γ to the 
PtB’/PtC’ resonance undergoing slower site exchange with PtB and assignment of 
resonance β to PtB undergoing slower site exchange with PtB’/PtC’. In contrast to the 1H 
NMR spectra of compound H2TRI/HTRI mixtures, where all of the resonances were 
observed in the fast exchange regime and chemical shift values for protons in H2TET and 
HTET undergoing intermolecular site exchange were all averaged, some of the 
resonances in the 195Pt NMR spectra of H2TRI/HTRI mixtures, were not, namely 
resonances β and γ. The difference between the 195Pt NMR and 1H NMR spectroscopic 
results can be rationalized by the greater dispersion of the 195Pt NMR spectrum: the ~125 
ppm chemical shift range of the 129 MHz 195Pt NMR spectrum corresponds to a 
dispersion of ~16 KHz whereas the ~2.5 ppm chemical shift of the 500 MHz 1H NMR 
spectrum corresponds to a dispersion of only ~1 KHz. After addition of 3 equiv of base 
(see Figure 4.10c, only two resonances remained, a very broad resonance at ~3000 ppm 
and a narrower resonance at 2860 ppm, the former presumably arising from the two outer 
Pt atoms and the latter arising from the inner Pt atom in HTRI. 
 The Platinomolybdate Trimer to Dimer Transformation. When five 
equivalents of TEA were added to a solution of compound 1 in 1:4 (v/v) CD3CN/CDCl3 
containing about 4 equiv of water and additional water was added such that the solution 
contained about 17, 68, and 119 equiv of water, the series of 1H NMR spectra shown in 
Figure 4.11a-d was obtained. Initially, only the trimer resonances labeled A – E in Figure 
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4.11a were observed, but as additional amounts of water were introduced, two new 
resonances labeled i and ii in Figure 4.11d appeared and grew in intensity at the expense 
of the trimer resonances’ intensity. Resonance ii was about four times as intense as 
resonance i and since the solution contained a sufficient amount of base (see Figure 4.1), 
resonances i and ii were assigned to the platinomolybdate dimer H2DIM, specifically, the 
protons labeled Hi and Hii, respectively, in Figure 4.11e. Here, the assumption was made 
that the dimer spectrum, like the trimer spectrum and the tetramer spectra, displayed 
resonances only for those bridging hydrogen atoms bonded to OPtMo2 oxygen atoms, 
while the resonances for the remaining protons have been broadened beyond recognition 
by rapid exchange with water protons. The spectrum gives no indication of the dimer 
protonation state since resonances for only five of its nine protons were observed.  
 The results just described may be summarized as follows. First, H2TET 
dissociates to TET in hydrated 1:4 (v/v) CD3CN/CDCl3 solution, addition of 
triethylamine yields first H2TRI then HTRI, and subsequent addition of water generates 
H2DIM or one of its conjugate bases, HDIM or DIM. Second, H2TRI and HTRI both 
have the DL configuration shown in Figure 4.2, not the T configuration shown in Figure 
4.12, since the latter has only three types of protons bonded to OPtMo2 oxygen atoms, 
those labeled HV, HW, and HX, whereas five resonances are observed, consistent with 
the DL configuration. 
 
4.4 Discussion  
 This section is concerned with two questions: Why are the solution equilibria 
between platinomolybdate tetramers, trimers, and dimers so solvent-dependent? What is 
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the detailed assignment of the platinomolybdate trimers’ 1H NMR resonances and how 
does this assignment offer support for cooperative and anticooperative interactions 
between hydrogen bonds of the type proposed in Chapter 3 for the tetramer? 
 Solvent Effects. The most straightforward solvent effect is apparent upon 
comparison of the 1H NMR titration curves for TET plus TEA in wet 1:4 (v/v) 
CD3CN/CDCl3 (Figure 4.5) and CD2Cl2 (Figure 4.9). This effect is most easily explained 
by the homoconjugation6 equilibrium (1), which is expected to be more  
  (C2H5)3NH+  +  N(C2H5)3  =  (C2H5)3NHN(C2H5)3+  (1) 
favored in a solvent that is both less polar and a weaker hydrogen bond acceptor. 7-8  
The other solvent effect of interest is conversion of the platinomolybdate trimer 
into the dimer simply by adding large amounts of water in the presence of base (see 
Figure 4.11a-d). Here again, hydrogen bonding probably plays a key role, where a high 
water concentration favors the polyanion-water heteroconjugation at the expense of 
polyanion-polyanion homoconjugation.  
1H NMR Spectral Assignments for H2TRI and HTRI. Three types of 
quasiplanar hydrogen-bonded platinomolybdate chains may be identified in the 
platinomolybdate trimer structure by following the same procedure outlined in Chapter 3 
for the H2TET, the blue, green, and orange chains highlighted in Figure 4.13. Assuming 
that the 1H NMR chemical shifts for protons in these chains are influenced by hydrogen 
bonding interactions in the same fashion proposed for the tetramer in Chapter 3, a more 
detailed assignment of 1H NMR resonances may be derived from the partial assignment 
obtained above from a 2D EXSY experiment, that is, assignment of resonances A, D, and 
E to the set of protons {HA, HD, HE} and resonances B and C to the set {HB, HC}. 
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Since the primary hydrogen bond acceptor strengths for HA, HD, and HE are strongest 
for HA and weakest for HE, δ(A) > δ(B) > δ(E); since HB is involved in primary and 
secondary hydrogen bonding but HC is involved only in primary hydrogen bonding, δ(B) 
> δ(C). As a result, resonances A – E may be assigned to protons HA-HE, respectively, 
as indicated at the top of Figure 4.14.  
If cooperative and anticooperative hydrogen bond interactions are in fact a key 
determinant of chemical shifts in platinomolybdate tetramers as maintained in Chapter 3, 
then similar chemical shifts should be observed for protons in a given chain when that 
same chain, or a similar chain, is found in the trimer as well. In order to facilitate 
observation of such a correlation, the color scheme adopted in Figure 4.13 was selected 
such that the orange and green chains have the same colors used in Chapter 3 to identify 
the same chains as in the tetramer (see Figure 3.7), and the blue chains in Figure 4.13 
were derived from the blue chains identified for the tetramer in Figure 3.7 by removal of 
one (O=Mo···)2OH unit. By and large, the correlation diagram for TET, H2TRI, and 
HTRI chemical shifts shown in Figure 4.14 shows the expected pattern of behavior, with 
chemical shifts of trimer and tetramer protons occupying the same position within the 
same-colored chain in good agreement: the chemical shift values for HE and H8, HD and 
H6, HC and H5, and HB and H4 all differ by less than 1 ppm. Agreement of the chemical 
shift values for HA in H2TRI and H2 in TET is not in such good agreement, however, 
suggesting that other factors also play a significant role in determining chemical shift 
values, namely, protonation state. Comparison of chemical shift data for both H2TRI and 
HTRI shows how deprotonation yields the expected effect: deprotonation of the outer 
monomer raises the pKa of (O=Mo···)2OH protons within that monomer, thus rendering 
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these protons weaker hydrogen bond donors and causing their chemical shifts to move 
upfield. Note that the chemical shifts for HTRI resonances are exchange-averaged 
values, and that correlation of tetramer and trimer chemical shifts should take into 
account that fact that both outer monomers in TET are H5PtMo6O243- units, both outer 
monomers in H2TRI are H6PtMo6O242- units, but both H5PtMo6O243- and H6PtMo6O242- 
outer monomers are present in HTRI. This accounts for the exceptional difference 
between the δ(HA) and δ(H2) just noted. Note also that resonances for HA, HD, and HE 
are all shifted upfield by about the same amount upon deprotonation of H2TRI to form 
HTRI, suggesting that negative charge created in the outer H5PtMo6O243- monomer 
formed upon deprotonation is effectively delocalized, presumably via a sequence of trans 
bond length alternations involving doubly-bridging OMo2 oxygen atoms as described in 
reference 5. 
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4.6 Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1 Potential hydrogen-bonded aggregates of protonated α-PtMo6O248- and their 
stoichiometry. See text for explanation. 
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Figure 4.3 1H NMR spectra measured following addition of (a) 0, (b) 0.2, (c) 0.4, (d) 0.6, 
(e) 0.8, (f) 1.0, (g) 1.2, (h) 1.4, and (i) 1.6 equivalents of triethylamine to 2 in 1:4 (v/v) 
CD3CN/CDCl3 containing 4 equiv of water. 
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Figure 4.4 1H NMR spectra measured following addition of (a) 1.6, (b) 1.8, (c) 2.0, (d) 
2.2, (e) 2.4, (f) 2.6, (g) 2.8, (h) 3.0, (i) 3.2, (j) 3.4, (k) 3.6, (l) 3.8, (m) 4.0, (n) 4.2, (o) 4.4, 
(p) 4.6, (q) 4.8, and (r) 5.0 equivalents of triethylamine to 2 in 1:4 (v/v) CD3CN/CDCl3 
containing 4 equiv of water. 
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Figure 4.5 Chemical shifts observed for 1H NMR resonances in the 6.0 – 11.0 ppm 
region upon titration of compound 1 with triethylamine in 1:4 (v/v) CD3CN/CDCl3 
containing 4 equiv of water. 
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Figure 4.6 1H NMR spectra of mixture of H2TRI/HTRI salts in CD2Cl2 containing 15 
equiv of water measured (a) before and (b) after adding an additional 50 equiv of water. 
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Figure 4.8 1H NMR spectrum of a mixture of H2TRI/HTRI salts in CD2Cl2 containing 
10 equiv of water at (a) 20ºC, (b) -10ºC, (c) -25ºC, and (d) -40ºC. Organic solvent 
impurity resonances are labeled with asterisks. 
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Figure 4.9 Chemical shifts observed for 1H NMR resonances in the 6.0 – 11.0 ppm 
region upon titration of 2 with triethylamine in CD2Cl2 containing 13 equiv of water. 
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Figure 4.10 195Pt NMR spectra of compound 1 after addition of (a) 0, (b) 1, (c) 2, and (d) 
3 equivalents of triethylamine in 1:4 (v/v) CD3CN/CDCl3 containing 1 equiv of water. 
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Figure 4.11 1H NMR spectra of compound 1 in 1:4 (v/v) CD3CN/CDCl3 after addition of 
4 equiv of water plus 5.0 equiv of triethylamine is shown in (a). Addition of an additional 
13, 64, and 115 equiv of water yields the spectra shown in (b)-(d), respectively. Line 
drawing of the H2DIM is shown in (e), where hydrogen atoms are color coded as in 
Figure 4.2. 
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Figure 4.12 Line drawing of a C2h-symmetric platinomolybdate trimer H2TRI, where 
hydrogen atoms are color coded as in Figure 4.2 and symmetry-equivalent hydrogen 
atoms have the same label. This trimer has the T configuration (see Figure 3.9). 
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Figure 4.13 Color-coded, hydrogen-bonded molybdenum oxygen chains in H2TRI. 
Hydrogen atoms are labeled as in Figure 4.2a. 
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Figure 4.14. A compressed version of the graph shown in Figure 4.5 is shown in the 
center of the figure. Each of the resonances labeled A – E in Figure 4.5 is assigned to 
protons HA – HE in H2TRI and HTRI (top). Each of the resonances labeled 1 – 8 in 
Figure 4.5 is assigned to protons H1 – H8 in TET (bottom). Each of the protons is shown 
in the position it is part of in the quasiplanar hydrogen-bonded molybdenum-oxygen 
chain it occupies. See text for explanation of color scheme.  
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Scheme 4.1. Platinum atom site exchange implied by proton exchange between H2TRI 
and HTRI. 
 
